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AN  85  GHz  QUASIOPTICAL  GYROKLYSTRON  EXPERIMENT 


Chapter  I 
Introduction 

For  over  twenty-five  years,  gyrotrons  have  been  under  development  as  efficient, 
high-power  sources  of  coherent  electromagnetic  radiation[l,2].  As  evidence  of  the  rapid 
progress  in  recent  years,  several  companies  now  commercially  market  gyrotrons  with 
high  average  power.  However,  more  research  is  required  to  fulfill  stringent  device  re¬ 
quirements  for  future  systems.  Possible  applications  of  these  devices  include  heating 
and  current  profile  control  in  magnetic  fusion  plasmas,  drivers  for  particle  accelerators, 
high  resolution  millimeter- wave  radar,  active  atmospheric  sensing,  and  electromagnetic 
wigglers  for  free  electron  lasers.  The  common  element  that  makes  the  gyrotron  attrac¬ 
tive  for  these  varied  uses  is  its  ability  to  provide  higher  power  at  higher  frequencies 
than  conventional  microwave  tubes. 

The  possibility  of  using  millimeter  waves  for  electron  cyclotron  resonance  heating 
(ECRH)  of  fusion  plasmas  has  provided  a  great  impetus  for  source  development.  Future 
fusion  experiments  will  require  tubes  which  will  operate  stably  in  a  single  mode  and 
deliver  1  MW  or  more  per  unit.  Current  research  programs  are  concentrating  on 
generating  high-power  radiation  at  frequencies  of  approximately  140  GHz,  with  future 
goals  of  1  MW  at  280  and  560  GHz.  These  power  requirements  are  several  orders 
of  magnitude  higher  than  present  sources  can  provide.  There  are  also  a  number  of 
applications  where  phase  stability  and  coherence  are  important,  such  as  drivers  for 
linear  accelerators  and  high-frequency  radar.  Gyrotrons  with  both  of  these  attributes, 
high  power  and  phase  control,  would  certainly  generate  a  good  deal  of  interest. 

The  gyrotron  converts  the  transverse  energy  of  the  electron  beam  to  radiation  fields 
via  the  cyclotron  maser  instability[3,4].  where  electrons  bunch  in  phase  space  due  to 
the  relativistic  mass  effect.  A  conventional  gyrotron  tube  is  comprised  of  a  magnetron 
injection  gun,  a  beam  tunnel,  a  cylindrical  cavity,  a  beam  collector,  and  a  vacuum 
window.  In  a  gyro  device,  electrons  with  a  large  transverse  energy  spiral  along  an 
applied  axial  magnetic  field.  When  such  a  beam  passes  through  a  cavity  where  a 
harmonic  of  the  cyclotron  frequency  is  close  to  the  resonant  frequency  of  the  cavity, 
there  can  be  an  efficient  exchange  of  energy  between  the  beam  and  the  wave  fields. 
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Since  the  frequency  of  the  radiation  depends  upon  the  strength  of  the  magnetic  field 
and  not  an  intricate  slow  wave  structure,  large  cavities  may  be  utilized  which  have 
moderate  energy  density  and  provide  high  output  powers.  Gyrotrons  usually  operate 
in  a  high-order  cavity  mode  and  care  must  be  taken  to  ensure  that  the  device  operates 
in  the  desired  mode. 

There  are  many  device  configurations  which  exploit  the  cyclotron  maser  instability, 
including  gyrotron  oscillators,  gyroklystrons,  and  gyro  traveUing  wave  tubes.  The  most 
advanced  tube  in  the  gyro  family  is  the  single-cavity  gyromonotron  osciUator.  Recent 
experimental  results  include  operation  at  140  GHz  at  power  levels  of  1.3  MW  in  3  /xsec 
pulses  with  40%  efficiency[5].  The  highest  average  power  attainable  to  date  in  devices 
with  comparable  frequency  is  approximately  100  kW  continuous- wave  (cw)[6),  with  a 
near-term  development  goal  of  400  kW'.  One  active  area  of  research  is  maximizing  the 
efficiency  of  these  high  frequency  gyrotrons  at  high  beam  currents[7].  Possible  reasons 
for  low  efficiency  at  high  current  include  a  deterioration  of  the  beam’s  transverse  energy', 
electrostatic  instabilities  in  the  electron  beam,  mode  competition  effects  in  the  cavity, 
space  charge  effects,  nonoptimum  bunching  of  the  electron  beam,  and  the  inability  to 
access  the  high  efficiency  region  of  the  parameter  space.  A  novel  cavity  has  been  used 
to  increase  the  bunching  of  the  becim  at  the  entrance  of  the  output  cavity  and  reduce 
sideband  mode  competition [8].  This  technique  has  improved  both  the  peak  power  and 
efficiency  of  the  gyrotron  at  a  beam  current  of  40  A. 

As  the  frequency  and  power  of  gyrotrons  are  increased,  the  dimensions  of  the  cavity 
must  increase  to  keep  ohmic  losses  at  a  tolerable  level.  However,  the  mode  separation 
in  the  resonator  scales  inversely  with  the  volume,  i.e.  Aw/uj  ~  (A/T)^.  At  millimeter 
wavelengths,  the  mode  density  is  so  high  that  stable,  single-mode  emission  may  be 
impossible.  In  1981,  Sprangle  et  al.  proposed  a  variation  of  the  conventional  gyrotron 
called  the  quasiopticaJ  gyrotron  (QOG)[9].  This  device  has  the  potential  for  generating 
high  average  power  at  millimeter  and  submillimeter  wavelengths  with  improved  mode 
stability  good  efficiency. 

The  resonator  in  the  quasioptical  gyrotron  is  formed  by  a  pair  of  spherical  mirrors 
separated  by  many  radiation  wavelengths,  as  shown  in  Figure  1.  The  finite  size  of 
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SPHERICAL  MIRROR 


^  DIFFRACTION 
OUTPUT  COUPLING 


Figure  1;  Cross-section  of  a  quasioptical  resonator  with  annular  electron  beam. 

the  mirrors  causes  large  diffraction  losses  for  high-order  transverse  cavity  modes.  The 
quality  factors  for  these  modes  are  typically  five  times  less  than  that  of  the  fundamental 
TEMooi  rnode.  Thus,  only  a  single  transverse  mode  will  oscillate  in  the  gyrotron. 
The  mode  density  is  effectively  reduced  to  that  of  a  one-dimensional  resonator  where 
Au;/w  ~  (X/L).  The  resonator  mode  is  approximately  Gaussian  in  shape  with  a  field 
maximum  at  the  center  of  the  mirror.  Since  the  resonator  mirrors  are  well  removed  from 
the  interaction  region,  the  ohmic  heating  density  at  the  mirrors  can  be  made  small. 
The  large  mirror  separation  is  advantageous  because  it  provides  a  large  interaction 
region,  allowing  for  high  input  beam  power  with  low  power  densities. 

In  the  QOG,  the  direction  of  electron  beam  propagation  is  perpendicular  to  the 
axis  of  the  resonator  so  that  the  collection  of  the  radiation  is  separate  from  that  of  the 
electron  beam.  This  geometry  is  advantageous  for  high  power  devices  and  allows  for  a 
simplified  depressed  collector.  For  a  symmetric  quasioptical  resonator,  the  diffraction 
losses  around  the  mirrors  increase  as  the  mirror  separation  is  increased.  However, 
the  radiation  waist  near  the  center  of  the  cavity  is  insensitive  to  changes  in  mirror 
separation.  This  allows  for  a  method  of  varying  the  output  coupling  while  holding  the 
beam-wave  interaction  length  constant.  This  is  a  feature  unique  to  the  QOG  that  is 
advantageous  experimentally,  since  the  output  coupling  is  directly  related  to  the  electric 
field  strength  in  the  cavity.  If  the  electric  field  strength  becomes  too  large  in  the  cavity, 
the  separation  between  the  mirrors  can  be  increased  to  reoptimize  the  efficiency  and 


further  increase  the  power. 

The  first  QOG  experiment  was  carried  out  by  Hargreaves  et  al.  in  1984  at  the  Naval 
Research  Laboratory  (NRL)[10].  This  experiment  was  performed  using  an  electron 
beam  voltage  of  60  kV  and  a  maximum  current  of  17  A.  The  mirror  separation  was  4  cm, 
which  corresponds  to  a  longitudinal  mode  separation  A/  =  c/2d  =  3.75  GHz.  Since  the 
interaction  bandwidth  was  of  the  order  of  the  mode  density,  single-mode  operation  was 
expected  and  observed  in  the  experiment.  The  highest  measured  efficiency  was  11%  and 
the  maximum  output  power  was  80  kW.  It  was  estimated  that  the  electronic  efficiency 
was  significantly  larger  due  to  large  ohmic  losses  in  the  resonator  and  nonoptimum 
output  coupling. 

More  recent  experiments  at  NRL  have  utilized  a  larger  resonator  and  a  high  power 
electron  gun[ll,12].  Typical  mirror  separations  are  25  cm,  with  the  ability  to  vary  the 
separation  from  20  to  28  cm  from  outside  the  superconducting  magnet  dewar.  This 
mirror  holder  allows  for  optimization  of  mirror  alignment  and  translation  of  the  entire 
resonator  with  fixed  mirror  separation  to  study  coupling  of  the  beam  to  the  standing 
fields  in  the  quasioptical  resonator.  The  new  gun,  which  is  identical  to  the  electron  gun 
used  in  the  MIT  megawatt  gyrotron  oscillator  program,  provides  up  to  50  A  of  current 
at  voltages  up  to  100  kV.  To  date,  the  maximum  power  from  this  QOG  device  is  600 
kW  with  a  peak  efficiency  of  13%.  Recent  results  on  a  QOG  have  also  been  obtained 
at  Lausanne[13],  and  a  review  of  quasioptical  gyrotron  development  is  given  in  [14]. 

A  theoretical  model  has  been  developed  to  calculate  the  efficiency  of  the  QOG 
in  both  single-mode  and  multimode  operation.  Under  single-mode  conditions  with 
a  pencil  beam  placed  on  a  field  maximum  in  the  output  resonator,  it  can  be  shown 
that  the  nonlinear  analysis  is  identical  to  that  of  the  conventional  gyrotron  except 
for  several  normalization  constants.  Thus,  the  extensive  theory  previously  developed 
for  the  gyrotron  may  be  used[15].  When  the  effect  of  the  annular  electron  beam  is 
considered,  an  averaging  process  must  be  performed.  Because  of  the  standing  fields  in 
the  resonator,  electrons  at  different  positions  experience  different  electric  fields.  Some 
particles  pass  through  field  maxima  while  some  pass  through  nulls.  Thus,  the  efficiency 
of  the  QOG  will  be  less  than  that  of  a  conventional  gyrotron  due  to  the  beam  geometry. 
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An  ideal  geometry  would  use  a  sheet-beam  electron  gun  where  beamlets  are  placed  on 
field  maxima.  An  alternative  is  to  tilt  the  resonator  axis  by  a  few  degrees  with  respect 
to  the  plane  perpendicular  to  the  direction  of  beam  propagation[l6].  In  this  geometry, 
each  electron  passes  through  the  standing  fields  of  the  odd  and  even  longitudinal  modes 
in  the  resonator.  This  yields  better  mode  suppression  and  better  single-mode  efficiency 
at  the  expense  of  requiring  larger  electric  fields  in  the  resonator.  Recent  experimental 
results  have  shown  that  the  tilted  resonator  increases  the  single-mode  efficiency  (9%) 
but  has  little  effect  on  the  maximum  efficiency  (12%)  and  the  parameter  space  available 
for  stable  single-mode  operation [17]. 

The  theoretical  problem  becomes  more  complicated  when  more  than  one  longitudi¬ 
nal  mode  is  present  in  the  resonator.  For  large  mirror  separations,  many  longitudinal 
modes  experience  gain  and  the  output  would  be  expected  to  be  multimoded.  How¬ 
ever,  it  has  been  shown  that  it  is  possible  for  one  mode  to  nonlinearly  suppress  other 
modes[16,18].  Hence,  there  are  regimes  where  the  mode  density  is  high  but  the  output 
is  single-moded.  This  behavior  has  been  confirmed  experimentally  under  high-power 
operation,  although  the  output  of  the  QOG  is  usually  multimoded.  In  a  conventional 
gyrotron,  the  detuning  between  the  operating  frequency  and  the  relativistic  cyclotron 
frequency  is  selected  by  adjusting  the  magnetic  field  or  the  beam  voltage.  In  the  QOG, 
however,  the  detuning  is  determined  by  the  nonlinear  dynamics  of  the  multimode  evo¬ 
lution.  Hence,  it  is  difficult  to  predict  if  the  output  will  be  single-moded,  and  even 
more  difficult  to  operate  the  gyrotron  at  optimum  detuning. 

Most  gyrotron  applications  require  a  single-mode  output,  so  that  suppressing  un¬ 
wanted  longitudinal  modes  is  of  interest  in  the  QOG.  Even  if  multimode  operation 
is  permitted,  it  is  not  clear  whether  the  optimum  efficiency  of  single-mode  operation 
can  be  obtained.  Multimode  theoretical  efficiencies  are  comparable  to  optimum  single¬ 
mode  efficiencies  in  the  QOG[19,20,21],  although  both  of  these  predictions  overestimate 
experimental  results  to  date.  Peak  experimental  efficiencies  are  on  the  order  of  14% 
while  multimode  simulations  predict  over  25%. 

One  technique  which  can  be  used  to  select  the  optimum  longitudinal  mode  in  the 
output  resonator  is  to  use  an  external  source  to  set  up  the  rf  field  at  the  desired  fre- 


5 


quency.  This  may  be  accomplished  by  direct  injection  of  radiation  into  the  output 
resonator[22.23]  or  by  prebunching  the  electron  beam  in  an  upstream  resonator [23]. 
Direct  injection  requires  a  high  power  circulator  or  isolator  so  that  the  external  source 
is  not  locked  by  the  gyrotron.  The  input  coupling  system  would  also  have  to  sus¬ 
tain  the  high  electric  fields  and  large  average  power  flow  from  the  output  resonator. 
These  requirements  are  difficult  to  satisfy  at  millimeter  wavelengths,  so  prebunching 
the  electron  beam  is  considered  here. 

A  two-resonator  quasioptical  gyroklystron,  shown  in  Figure  2,  comprises  a  pair  of 
open  resonators  separated  by  a  field-free  drift  region.  An  extended  interaction  oscillator 
(EIO)  is  used  to  excite  the  first  resonator.  Electron  cyclotron  absorption  provides 
electrons  in  the  prebunching  resonator  with  a  “kick”  in  perpendicular  momentum, 
depending  upon  their  entrance  gyrophase,  so  that  the  particles  gyrate  at  different 
frequencies  in  the  drift  region.  If  the  strength  of  the  electric  field  in  the  first  resonator 
and  the  length  of  the  drift  region  are  chosen  properly,  the  electrons  will  arrive  at  the 
output  resonator  strongly  bunched  in  gyrophase  angle  and  will  efficiently  give  up  their 
energy  to  the  wave  fields.  Additional  cavities  and  drift  regions  can  be  added  to  increase 
the  phase  bunching  of  the  electrons  at  the  entrance  of  the  output  cavity. 

In  much  of  this  work,  we  consider  the  case  where  the  beam  current  is  above  the 
threshold  current  of  the  output  resonator  in  the  absence  of  a  prebunching  signal.  Thus, 
this  regime  of  operation  is  fundamentally  different  than  the  gyroklystron  amplifier.  The 
strength  of  the  prebunching  signal  and  the  frequency  difference  between  the  two  sources 
has  a  profound  effect  on  the  operation  of  the  gyroklystron.  If  the  prebunching  signal  is 
sufficiently  large  and  the  frequency  difference  small,  the  gyroklystron  will  operate  as  a 
locked  oscillator  where  the  equilibrium  has  a  specified  phase[24].  Here  the  steady  state 
operation  of  the  output  resonator  depends  upon  the  amplitude,  frequency,  and  phase  of 
the  prebunching  signal.  It  is  in  this  regime  that  the  electrons  are  strongly  prebunched 
and  the  peak  gyroklystron  transverse  efficiency  is  higher  than  that  of  the  single  cavity 
gyrotron  [25].  The  drive  signal  is  present  throughout  the  duration  of  the  oscillation  and 
has  a  strong  effect  on  the  steady  state  of  the  oscillator.  A  perturbation  theory  for  phase 
locking  by  prebunching  the  electron  beam  is  presented  in  [26],  while  the  slow-time-scale 
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Figure  2;  Schematic  of  a  two-resonator  quasioptical  gyroklystron 


equations  of  motion  are  solved  for  both  direct  injection  and  prebunching  in  [27]  for  a 
cavity  gyrotron. 

A  second  region  of  operation  is  the  mode-primed  gyroklystron,  where  the  external 
source  is  used  only  during  the  build-up  of  fields  in  the  output  resonator[23].  The  pre¬ 
bunched  electron  beam  selects  a  particular  longitudinal  mode  in  the  output  resonator, 
which  is  given  an  initial  advantage  over  neighboring  modes.  If  this  mode  is  stable  with 
respect  to  decay  into  sideb2mds,  it  will  grow  and  nonlinearly  suppress  satellite  modes. 
The  prebunching  signal  is  used  to  mode  prime  the  oscillator,  and  does  not  affect  the 
frequency  of  the  final  state.  The  main  advantage  to  mode  priming  is  that  the  beam  pre¬ 
modulation  need  only  be  large  compared  to  the  noise  present  at  the  start  of  oscillation 
in  the  output  resonator.  This  reduces  the  power  requirement  for  the  millimeter- wave 
source,  which  is  often  a  limitation  at  high  frequencies. 

Another  configuration  is  the  mode-locked  gyroklystron,  shown  in  Figure  3,  where  a 
portion  of  the  output  is  fed  back  into  the  input  resonator[28].  The  mirror  separation  of 
the  prebunching  resonator  is  chosen  so  that  only  one  mode  in  the  output  spectrum  is 
resonant  in  the  prebuncher.  Thus,  the  input  resonator  acts  like  a  filter  and  the  feedback 
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of  the  desired  longitudinal  mode  is  accomplished  without  an  external  source.  In  the 
mode-locked  case,  the  frequency  of  the  oscillator  is  fixed  zmd  there  is  a  relative  phase 
between  the  two  resonators,  although  the  equilibrium  doesn’t  have  a  selected  phase. 

An  alternative  technique  which  does  not  require  an  external  source  is  the  gy- 
roklystron  oscillator [29].  This  device  is  operated  at  a  bean,  current  slightly  above 
the  threshold  current  for  the  prebunching  resonator.  The  electric  field  in  the  first  res¬ 
onator  will  modulate  the  electron  beam  and  excite  that  particular  frequency  in  the 
output  resonator.  If  the  current  is  increased  further,  the  strong  rf  fields  in  the  input 
resonator  will  introduce  a  large  energy  spread  to  the  electrons  and  spoil  the  efficient 
oscillation  in  the  output  resonator.  Thus,  this  type  of  device  will  only  operate  over  a 
limited  range  of  parameters. 

There  has  been  much  more  experimental  and  theoretical  work  on  gyrotron  oscil¬ 
lators  than  gyroklystrons.  Recent  experimental  results  have  been  outstanding  at  a 
number  of  research  facilities.  In  an  early  study,  Varian  Associates  designed  and  tested 
a  28  GHz  two-cavity  gyroklystron  at  the  fundamental  cyclotron  frequency  in  1977(30]. 
The  tube  operated  with  a  maximum  gain  of  40  dB  and  an  output  power  of  50  kW.  This 


was  fax  below  the  design  goal  of  200  kW.  There  was  a  good  deal  of  difficulty  getting 
the  tube  to  operate  in  the  desired  TEoi  mode  due  to  spurious  oscillations  in  the  input 
cavity  and  beam  tunnel.  Both  the  TEn  and  TE^i  modes  could  propagate  in  the  drift 
tube.  After  the  tube  was  loaded  with  lossy  material,  stable  operation  was  possible,  al¬ 
beit  at  low  efficiency.  The  low  efficiency  was  attributed  to  space  charge  effects,  velocity 
spread,  or  gyro-TWT  amplification  of  parasitic  modes  in  the  drift  region.  The  same 
year  Varian  constructed  a  second- harmonic  gyroklystron  which  was  to  operate  at  10.4 
GHz[31].  This  tube  was  plagued  by  spurious  oscillation  at  the  fundamental  frequency. 
It  was  concluded  that  more  work  was  required  to  effectively  load  the  fundamental  in 
the  presence  of  the  second  harmonic.  In  1978  the  Soviets  reported  on  a  pre-1967  gy¬ 
roklystron  which  achieved  an  efficiency  of  70%[32].  However,  virtually  no  details  of  the 
experiment  were  given  so  it  is  difficult  to  derive  much  benefit  from  this  work. 

One  of  the  more  successful  gyroklystrons  tested  to  date  has  been  the  Naval  Research 
Laboratory's  4.5  GHz  three-cavity  tube[33].  This  gyroklystron  achieved  a  maximum 
output  power  of  52  kW,  33%  efficiency,  and  a  small  signal  gain  of  22  dB.  The  experiment 
was  designed  so  that  only  the  fundamental  TEioi  mode  could  osdUate  in  the  rectangular 
cavities  and  the  drift  regions  between  the  cavities  were  cut-off  to  propagating  modes. 
Hence,  this  tube  did  not  experience  problems  with  unwanted  oscillations  in  the  input 
cavities  or  drift  spaces  that  plagued  earlier  gyroklystrons.  The  estimated  ratio  of 
perpendicular  to  parallel  velocity  ratio  in  this  experiment  is  1,  so  that  the  experimental 
perpendicular  efficiency  is  60%.  This  experiment  definitively  demonstrated  that  high 
efficiency  is  possible  in  a  gyroklystron  configuration.  This  tube  was  also  operated 
in  the  locked-oscillator  regime  where  a  low  power  input  signal  controls  a  high  power 
oscillation.  Since  the  output  is  locked  in  frequency  and  phase,  this  type  of  device 
is  attractive  for  applications  where  phase  control  is  important.  Another  useful  effect 
observed  was  that  of  mode  priming.  Here,  the  system  was  operated  where  several 
longitudinal  modes  could  oscillate  simultaneously.  However,  by  injecting  a  small  signal 
into  the  input  cavity,  the  electron  beam  is  premodulated  before  it  enters  the  output 
cavity.  The  premodulation  manifests  itself  by  preferentially  exciting  one  of  the  modes 
in  the  output  cavity.  T’  e  technique  of  mode  priming  should  prove  useful  in  highly 
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overmoded  devices  where  mode  competition  is  an  issue  and  it  is  difficult  to  operate  in 
the  desired  mode. 

The  University  of  Maryland  has  undertaken  an  ambitious  program  to  develop  a  high 
peak- power  gyroklystron  for  advanced  accelerator  applications[34,3b].  The  ultimate 
goal  of  the  program  is  to  provide  100  MW  in  a  0.8  //sec  pulse  at  17.4  GHz.  An 
intermediate  milestone  is  the  development  of  a  30  MW  gyroklystron  amplifier  with  a 
pulse  length  of  approximately  1  //sec.  This  design  is  approximately  three  orders  of 
magnitude  greater  in  peak  power  than  the  best  gyroklystron  to  date.  A  good  deal  of 
effort  has  gone  into  suppressing  stray  oscillations  in  the  drift  regions  and  the  cavities, 
where  a  theoretical  model  has  been  developed  to  calculate  the  quality  factor  for  the 
various  modes  that  can  oscillate  in  the  tube.  It  has  been  shown  that  a  large  number  of 
modes  have  starting  currents  below  the  intended  operating  current  of  the  gyroklystron. 
The  solution  to  this  problem  is  to  resistively  load  the  drift  sections  and  beam  tunnel 
with  lossy  ceramic,  which  has  increased  the  stability  of  the  tube  and  allowed  for  the 
propagation  of  larger  beam  currents.  Recent  results  include  pulsed  amplifier  operation 
at  9.97  GHz  up  to  29  MW  in  1.2  //sec  pulses  with  26  dB  gain  and  31%  efficiency [36,37, 
38].  Also,  operation  has  been  achieved  with  the  output  cavity  operating  at  the  second 
harmonic  so  that  the  output  frequency  is  19.94  GHz  with  25  MW  output  power  and 
25%  efficiency [39]. 

Results  on  millimeter- wave  gyroklystron  experiments  in  the  former  Soviet  Union 
have  re'^ently  become  available[40].  At  a  frequency  of  35  GHz.  a  two-cavity  gyroklystron 
operating  in  the  TE02  mode  has  produced  1  MW  output  power  in  100  //sec  pulses  with 
20  dB  gain,  25%  efficiency,  and  a  duty  factor  of  10"^.  A  94  GHz  gyroklystron  amplifier 
has  achieved  65  kW  peak  power  with  25%  efficiency  and  30-35  dB  gain  using  four 
cavities  in  the  TEqi  mode.  These  encouraging  experimental  results  demonstrate  that 
high  power  and  efficiency  are  possible  using  gyroklystrons,  which  are  attractive  where 
phase  and  frequency  control  are  important  issues. 

Most  gyroklystron  experiments  10  date  have  operated  with  relatively  large  electric 
fields  in  the  input  resonct.,..  and  short  drift  spaces  to  minimize  the  deleterious  effects  of 
velocity  spread.  Because  of  experimental  constraints,  the  quasioptical  gyroklystron  is 
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designed  with  along  drift  region  and  modest  electric  fields  in  the  prebunching  resonator. 
This  approach  is  made  possible  because  the  electron  beam  is  nearly  perpendicular  to  the 
axis  of  the  resonator  so  that  ^  0.  Thus,  the  quasiop ti cal  gyroklystron  is  relatively 
insensitive  to  a  spread  in  pitch  angle. 

There  are  a  number  of  other  technical  advantages  in  using  an  open  resonator  in  the 
design  of  a  gyroklystron.  Since  high  order  transverse  modes  are  not  excited,  spurious 
oscillations  in  the  input  and  output  resonators  are  eliminated.  This  was  one  of  the 
most  severe  problems  encountered  in  early  gyroklystrons.  In  the  QOG,  the  path  of  the 
output  radiation  is  perpendicular  to  the  direction  of  propagation  of  the  electron  beam. 
Thus,  there  is  a  high  degree  of  isolation  between  the  input  and  output  resonators, 
which  is  required  for  klystron  operation.  The  drift  region  between  cavities  has  often 
been  troublesome  for  gyroklystrons.  However,  the  drift  tube  design  used  in  the  QOG 
is  the  same  as  that  in  the  MIT  and  Varian  megawatt  gyrotron  osciUator  designs.  It 
has  been  proven  effective  in  suppressing  oscillations  in  the  oscillator  configuration  and 
should  present  no  difficulties  in  the  two-cavity  device. 

This  report  describes  the  design  and  test  of  an  85  GHz  quasioptical  gyroklystron 
and  is  organized  as  follows.  Chapter  II  contains  the  linear  theory  used  to  design  much 
of  the  gyroklystron  experiment.  Here  it  is  shown  that  a  relatively  long  drift  region  may 
be  used  if  care  is  taken  when  specifying  the  magnetic  field  values  in  the  two  resonators. 
Under  these  conditions,  the  phase  bunching  of  the  electrons  is  preserved  in  the  presence 
of  velocity  spread  and  a  large  bunching  parameter  may  be  obtained.  The  design  of  the 
quasioptical  resonators  used  in  the  experiment  is  presented  in  Chapter  III.  This  work  on 
the  prebunching  resonator  represents  the  first  application  of  coupling  to  a  quasioptical 
resonator  with  large  diffraction  losses.  The  cold  test  measurements  of  the  low-Q  input 
resonator  are  compared  to  a  diffraction-theory  model,  and  good  agreement  is  obtained. 
Chapter  IV  describes  the  experimental  apparatus  and  diagnostics.  Millimeter-wave 
diagnostics  are  used  to  measure  the  average  power  from  the  experiment,  the  frequency, 
the  pulse  shape,  and  the  frequency  and  phase  difference  between  the  input  and  output 
sources. 

The  experimental  results  are  presented  in  Chapter  V.  First,  capacitive  probes  in 
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the  drift  tube  are  used  to  measure  the  average  pitch  angle  of  the  beam  electrons. 
These  measurements  are  compared  with  calculations,  and  are  in  reasonable  agreement 
with  the  electron  trajectory  simulations.  Experimental  observations  of  mode  priming 
are  then  documented.  This  is  the  first  demonstration  of  mode  priming  in  a  highly 
overmoded  oscillator  at  frequencies  near  100  GHz.  The  output  of  the  gyroklystron  is 
single- moded  although  the  mode  density  is  high,  which  represents  the  first  operation  of 
a  QOG  in  a  single  node  at  peak  power  and  efficiency.  Mode  priming  by  prebunching 
the  electron  beam  allows  operation  at  higher  frequency  detuning  and  efficiency  than  a 
free-running  oscillator.  A  new  technique  called  alpha  priming  is  also  described.  Here, 
the  beam  alpha  (q  =  vx/w||)  is  ramped  to  excite  a  high  frequency  mode  during  the 
rise  of  the  voltage  pulse.  This  results  in  even  higher  detunings  and  efficiencies,  with 
a  peak  measured  electronic  efficiency  of  22%  in  a  single  longitudinal  mode.  Studies 
of  mirror  alignment  and  second  harmonic  radiation  are  described,  which  may  prove 
to  be  quite  important  in  obtaining  high  power  operation  of  a  QOG.  The  addition 
of  a  simple,  single-stage  depressed  collector  is  presented,  which  increases  the  overall 
efficiency  of  the  gyroklystron  to  greater  than  30%i  with  a  collector  efficiency  of  50%.  In 
the  next  section,  the  gyroklystron  is  operated  in  the  amplifier  regime  by  lowering  the 
average  a  of  the  electron  beam  so  that  the  output  resonator  is  below  the  oscillation 
threshold.  Measurements  of  amplifier  gain,  bandwidth,  chirp  of  the  drive  source,  and 
phase  measurements  are  described,  along  with  a  brief  discussion  of  the  gain  predictions 
from  linear  theory.  Typical  operating  parameters  in  the  amplifier  regime  are  18  dB 
gain,  10%  efficiency,  and  30  kW  output  power.  The  last  section  of  this  chapter  is 
devoted  to  phase-locking  measurements  performed  on  the  gyroklystron  by  prebunching 
the  electron  beam  in  an  upstream  resonator.  The  gyroklystron  is  locked  over  the  entire 
linewidth  of  the  output  resonator  with  a  peak  power  of  70  kW  and  16%  efficiency. 
Comparisons  are  made  with  nonlinear  phase-locking  theory. 

Chapter  VI  contains  a  brief  discussion  of  the  experimental  measurements  in  the 
context  of  normalized  gyrotron  parameters,  so  that  comparisons  with  theory  are  more 
easily  understood.  Time  dependent,  multimode  simulations  are  then  presented  for  the 
cases  of  mode  priming  and  alpha  priming.  Both  of  these  phenomena  are  observed  in 
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the  simulations,  and  demonstrate  the  advantage  of  increasing  the  frequency  detuning 
so  that  the  gjroklystron  operates  in  the  hard  excitation  regime.  A  general  discussion 
of  the  experimental  observations  and  theoretical  calculations  is  also  presented  in  this 
chapter.  Conclusions  and  suggestions  for  future  research  are  discussed  in  Chapter  VII. 
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Chapter  II 

Linear  Theory  Calculations 

The  linear  and  nonlinear  theory  of  quasiopticaJ  gyroklystrons  has  been  presented  by 
a  number  of  researchers[19,20].  The  most  common  configuration  considered  is  a  low-Q 
prebunching  resonator,  a  drift  region,  and  a  high-Q  output  resonator.  Linear  theory  is 
used  to  calculate  the  phase  bunching  of  the  electrons  in  the  prebunching  resonator  and 
drift  region  since  the  assumed  electric  fields  are  small  or  zero.  The  bunched  electrons 
can  then  be  injected  into  the  output  resonator,  where  the  equations  of  motion  are 
self-consistently  integrated  for  a  population  of  particles  with  predetermined  entrance 
phases.  This  is  in  contrast  to  the  single-cavity  gyrotron,  where  the  phase  bunching  and 
energy  extraction  occur  in  the  same  cavity. 

In  the  present  experiment,  the  magnetic  field  is  nonuniform  for  much  of  the  region 
preceding  the  output  resonator.  The  first  section  of  this  chapter  calculates  the  phase 
bunching  of  the  electrons  in  the  tapered  field  produced  by  the  superconducting  magnet. 
It  is  shown  that  a  field  gradient  reduces  the  bunching  parameter  somewhat  but  poses  no 
serious  limitations  to  the  experiment.  Section  B  examines  the  effect  of  velocity  spread 
on  the  linear  efficiency  of  the  gyroklystron.  The  nonuniform  magnetic  field  can  be  used 
to  minimize  the  deleterious  effect  of  thermal  spread  by  detuning  the  cyclotron  frequen¬ 
cies  in  the  two  resonators.  This  calculation  determines  the  position  of  the  prebunching 
resonator  so  that  the  bunching  is  preserved  in  the  presence  of  jutch  angle  spread  in  the 
drift  region.  This  section  also  includes  the  calculation  of  the  starting  current  of  the 
prebunching  resonator  and  the  bunching  parameter  for  typical  experimental  conditions. 


A.  Bunching  in  a  Nonuniform  Magnetic  Field 


The  equations  which  describe  the  spacial  evolution  of  the  slow  phase  and  the  mo¬ 
mentum  of  the  particles  can  be  written [19,20] 


—  =  — (fi  -  7u;)  -b  - E{z)siTLkyg  sin  8 

dz  pz  2p±pz 

dpx  -emf  .  lp±dB 

■57  =  2-8  17 


(1) 

(2) 
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d2  2p,  B  dz  ■  ^  ^ 

These  equations,  known  as  the  slow  time  scale  equations  of  motion,  are  derived  un¬ 
der  the  assumption  that  the  wave  fields  evolve  on  a  time  scale  much  longer  than  the 
cyclotron  period.  The  beam-wave  interaction  is  taken  to  occur  at  the  fundamental 
cyclotron  frequency  under  the  weakly  relativistic  limit  (7  -  1  <  1).  The  slowly  varying 
gyrophase  angle  is  defined  B  =  ^  —  ut,  where  V’  is  the  particle  phase,  k  is  the  free 
space  wavenumber,  =  y  +  {p mil)  cos  il>,  and  the  electric  field  is  polarized  in  the 
x-direction  for  the  geometry  in  Figure  1.  The  slow  phase  of  an  unperturbed  particle  is 

B  =  60  + —{£1  - (4) 
Pz 

where  2:  =  0  is  the  position  of  the  prebunching  resonator  and  Bq  is  the  random  phase 
of  the  particle  at  the  entrance  of  the  resonator.  In  general,  the  relativistic  mass  factor 
(7),  the  nonrelativistic  cyclotron  frequency  (Q),  and  the  parallel  momentum  of  the 
particle  (p^)  are  also  functions  of  position.  If  the  particle  is  in  resonance  with  the  wave 
(fl  =  70;),  then  the  slow  phase  is  independent  of  p^  to  first  order.  Under  this  condition, 
electrons  would  tend  to  bunch  in  the  longitudinal  direction  but  remain  in  gyrophase 
synchronism  as  they  traverse  the  drift  region. 

The  mirrors  which  make  up  the  resonator  are  chosen  to  support  only  the  funda¬ 
mental  transverse  mode  (TEMoo).  Higher  order  transverse  modes  have  much  larger 
diffraction  losses  and  typically  have  quality  factors  three  to  five  times  less  than  the 
fundamental  mode.  However,  any  second  harmonic  radiation  present  in  the  resonator 
will  be  associated  with  a  much  larger  quality  factor  than  the  fundamental.  Second 
harmonic  radiation  is  neglected  in  the  present  analysis.  The  assumed  radiation  profile 
is  Gaussian: 

.2 

£(2)  =  £;oiexp[--^].  (5) 

“'01 

Here,  u\)i  is  the  radiation  waist  at  the  center  of  a  symmetric  resonator  and  the  subscript 
denotes  the  first  resonator.  The  radiation  waist  at  the  center  of  the  resonator  is  given 
by  [41] 
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In  this  equation,  d  is  the  mirror  separation  and  Rc  is  the  radius  of  curvature  of  the 
mirrors.  The  separation  between  mirrors  is  determined  by  the  allowed  Ohmic  heating 
density  while  the  mirror  radius  and  curvature  are  chosen  for  an  appropriate  diffractive 
output  coupling  coefficient. 

Consider  the  case  of  a  uniform  magnetic  field  in  the  prebunching  resonator.  The 
change  in  perpendicular  momentum  for  an  electron  which  traverses  the  input  resonator 
with  a  low  amplitude  electric  field  can  be  calculated  by  integrating  Eq.  (2)  using  the 
unperturbed  gyrophase. 


Apx  =  °  /  E{z)sinkygcos[0o  +  —(0  -  ')ou)z\dz.  (7) 

^PzO  J—oo  PzO 

Here  it  has  been  assumed  that  p,  =  p^  is  a  constant  of  the  motion  and  the  rela¬ 
tivistic  mass  factor  7  is  constant  through  the  first  resonator.  If  the  magnetic  field  is 
uniform  through  the  prebunching  resonator,  fl  =  flo  and  the  integral  can  be  performed 
analytically  yielding 

v'^em7ot«oi  r  .  -(fio  -  7ow)^tn3,T7i2, 

Apx  =  — - EoisinkygCosOoexpl - 7-5-^ — — ].  (8) 

2PzO  4p‘o 

The  change  in  perpendicular  momentum  is  a  function  of  the  entrance  phase  of  the 
particle,  so  that  some  electrons  gain  energy  while  some  lose  energy  Note  that  the 
change  in  perpendicular  momentum  is  due  to  the  electric  field  in  the  prebuncher  and 
occurs  over  a  distance  of  approximately  2rvoi. 

In  the  field-free  drift  region, 


dz 


— (ilo  -  1^)  —  — -  7o^  - 

PzO  PzO 


PiApx 

7om^c^ 


w). 


(9) 


Here,  the  relativistic  mass  factor  has  been  modified  to  include  the  “kick”  from  the 
prebunching  resonator. 


7  i;7o(l  + 


PiApx 

7q 


(10) 


The  particles  gyrate  at  slightly  different  frequencies  in  the  drift  space  due  to  the  rel¬ 
ativistic  mass  effect.  The  slow  phase  of  the  particle  at  the  entrance  of  the  second 
resonator  is  ^  =  ^0  +  Ad  where 


m 


Ad  =  — (fio  -  7o^)(i  +  ^)  +  9  cos  do  sin  kyg 
PzO 


(11) 
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and 


_  v^u;pxe£oiU)bjI  _  ( fio  -  7o*^ «’oi 

’ - 2^^  “W  4^  '■  ‘  ’ 

The  variable  z  has  been  redefined  so  that  r  =  0  is  now  at  the  center  of  the  power 
resonator  and  L  is  the  separation  between  the  two  resonators.  The  shape  of  the  electron 
beana  is  contained  in  the  sin  kyg  factor,  so  that  pencil  beams,  annular  beams,  and  sheet 
beams  can  be  considered.  The  quantity  q  is  known  as  the  bunching  parameter  in 
the  gyroklystron  literature[19],  and  serves  as  a  measure  of  the  phase  bunching  of  the 
electrons  at  the  entrance  of  the  output  resonator.  As  will  be  shown  later,  the  linear 
efficiency  is  optimized  for  q  =  1.8,  although  somewhat  higher  values  are  required  in  the 
nonlinear  regime. 

If  the  magnetic  field  is  not  uniform  in  the  prebunching  resonator,  the  expression 
for  Apx  must  be  modified.  The  nonrelativistic  cyclotron  frequency  is  now  a  function 
of  position 

n(2)  =  f2o  +  ^ft(^),  (13) 

where  6Cl{z)  is  a  small  quantity  compared  to  Qq  which  contains  the  nonuniformity  of 
the  magnetic  field.  The  change  in  perpendicular  momentum  is  now 

Apx=Apxfl  +  i|^dfi  (14) 

where 

-677170  f  E{z)  .  ,  Q, 

^Pjl6  =  — —  /  — —sm  kyg  cos  Bdz  (15) 

2  J  Pz{z) 

and 

B=  f  -^(Qq-\-6U{z)- 'r(^)dz.  (16) 

J  Pz(2) 

It  is  assumed  that  the  relativistic  mass  factor  is  constant  with  respect  to  position.  This 
should  be  a  good  approximation  for  the  purpose  of  calculating  the  momentum  change 
in  the  first  resonator  since  the  electric  field  is  small  and  the  change  in  particle  energy 
is  small  (A7/70  <.  0.01).  To  first  order,  the  second  term  on  the  right  side  of  Elq. 
(14)  is  independent  of  the  entrance  phase  of  the  particle  and  does  not  contribute  to 
the  gyrophase  bunching  in  the  drift  region.  Thus,  Apxe  is  the  quantity  of  interest  to 
determine  the  effect  of  the  nonuniform  magnetic  field  on  the  gyrophase  bunching. 
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The  superconducting  magnet  used  in  the  quasiopticaJ  gyroklystron  experiment  has 
a  magnetic  field  with  a  positive  taper  for  much  of  the  region  preceding  the  power 
resonator.  A  plot  of  the  magnetic  field  versus  position  is  shown  in  Figure  4.  The 
slope  of  the  magnetic  field  near  the  first  peak  is  approximately  0.9  kG/cm  at  the 
position  z  =  -10  cm.  The  magnetic  field  may  be  written  B  =  Bo  +  f>B[z),  where 
6B(z)  =  0.9z.  Here  z  is  given  in  centimeters,  the  magnetic  field  is  in  units  of  kG,  and 
2  =  0  is  referenced  to  the  center  of  the  prebunching  resonator.  This  expression  may  be 
substituted  into  Eq.  (15)  to  calculate  ^p±e-  The  parallel  momentum  of  the  particle  is 
also  a  function  of  axial  position  due  to  the  variation  of  the  magnetic  field.  Since  p\l B 
is  an  adiabatic  invariant,  the  change  in  parallel  velocity  caused  by  the  nonuniform  field 
is 


f>Vz{z) 


-vlo  f>B{z) 
2vzo  Bo 


The  parallel  momentum  can  now  be  expressed 


(17) 


The  preceding  expressions 


P.W  =  P.o|l- Y^l-  (18) 

for  E{z),  pz(z),  and  ^11(2)  can  now  be  substituted  into 
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Figure  5;  The  change  in  perpendicular  momentum  versus  frequency  detuning  in  the 
prebunching  resonator  for  a  =  1,56.  The  solid,  dashed,  and  dotted  curves  correspond 
to  magnetic  field  gradients  of  0.0,  0.5,  and  0.9  kG/cm,  respectively. 

Eq.  (15).  Although  it  is  impossible  to  perform  this  integration  analytically,  it  is 
straightforward  to  implement  numerically. 

Typical  results  of  the  integration  of  Eq.  (15)  are  shown  in  Figure  5.  The  solid  curve 
corresponds  to  the  change  in  perpendicular  momentum  for  a  particle  which  traverses 
the  prebunching  resonator  with  a  uniform  magnetic  field.  The  broken  curves  correspond 
to  magnetic  field  gradients  in  the  prebunching  resonator  of  0.5  and  0.9  kG/cm.  There 
is  a  shift  in  gyrophase  angle  between  the  uniform  and  nonuniform  cases  which  has 
been  suppressed,  since  the  entrance  phase  into  the  prebuncher  (^o)  is  arbitrary.  The 
variation  in  gyrophase  shift  is  smooth  in  the  detuning  range  between  ±5%.  All  of  the 
plots  are  normalized  to  the  change  in  perpendicular  momentum  in  the  uniform  field  for 
zero  detuning. 

The  calculation  is  performed  for  a  frequency  of  85  GHz,  a  beam  voltt^e  of  70  kV, 
and  a  =  1.5,  where  a  =  The  mirror  separation  is  8  cm  and  the  radius  of  curva¬ 

ture  is  20  cm,  which  correspond  to  the  values  of  the  mirrors  used  in  the  prebunching 


19 


resonator.  The  first  resonator  must  be  driven  at  a  frequency  close  to  the  relativistic 
cyclotron  frequency  for  the  prebunching  to  be  effective.  As  the  magnetic  field  gradient 
is  increased,  the  effectiveness  of  the  bunching  decreases.  The  degradation  in  bunching 
is  approximately  11%  for  a  magnetic  field  taper  of  0.9  kG/cm  for  the  parameters  listed 
above  at  zero  detuning.  For  this  resonator,  the  radiation  waist  is  0.94  cm  so  that  the 
magnetic  field  changes  by  approximately  ±5%  over  4  waist  radii.  The  effect  of  the 
nonuniform  field  can  be  made  smaller  by  decreasing  the  radiation  waist  in  the  pre¬ 
bunching  resonator.  The  reduction  in  the  bunching  parameter  occurs  for  both  positive 
and  negative  field  tapers,  where  the  dominant  contribution  is  the  variation  of  detuning 
Aw  =  w  -  fl(c )/“  as  the  particles  move  away  from  resonance  at  the  2  =  0  position. 

Figure  6  shows  the  results  of  the  calculation  of  Ap±e  for  a  =  1.0.  Although  the 
shape  of  the  curves  is  similar,  the  smaller  transverse  energy  results  in  a  smaller  change 
in  perpendicular  momentum.  Since  Ap±e  scales  as  1/pz,  the  ratio  between  the  two 
curves  is  approximately  1.27  for  a  beam  voltage  of  70  kV.  The  bandwidth  associated 
with  the  prebunching  is  somewhat  larger  for  lower  a.  This  information  is  important 
because  it  is  usually  difficult  to  get  an  accurate  estimate  of  the  electron  pitch  angle 
in  the  experiment.  A  spread  in  a  in  the  first  resonator  wiU  introduce  a  spread  in 
the  bunching  parameter,  therefore  the  nonlinear  efficiency  should  be  calculated  for  the 
resultant  distribution  in  q. 
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Frequency  Detuning  in  Burx:hing  Resonator 

Figure  6;  Same  as  Figure  5  for  a  =  1.0. 


B.  Effect  of  Velocity  Spread  and  Nonuniform  Magnetic  Field  in  Drift  Region 


A  large  value  of  bunching  parameter  is  desired  so  that  the  gyroklystron  will  op¬ 
erate  at  peak  efficiency.  This  can  be  accomplished  by  increasing  the  strength  of  the 
prebunching  field  and/or  increasing  the  separation  between  the  resonators.  Increas¬ 
ing  the  separation  between  resonators  makes  this  region  susceptible  to  velocity  spread 
effects.  It  has  been  shown  that  the  linear  efficiency  of  the  quasioptical  gyroklystron 
can  be  made  independent  of  velocity  spread  to  first  order  by  choosing  an  appropriate 
frequency  detuning  Au;  =  u)  -  no/7[19]-  This  result  was  derived  under  the  condition 
(AB)  =  0,  where  the  average  magnetic  field  variation  is  defined 

1 

{AB)  =  -  6B(z)dz.  (19) 

L  Jo 

In  the  present  experiment,  the  average  variation  of  the  field  is  nonzero  so  that  the 
previous  calculations  for  the  optimum  frequency  detuning  are  not  valid.  This  sec¬ 
tion  calculates  the  effects  of  velocity  spread  in  the  drift  region  using  the  experimental 
magnetic  field  profile. 

One  quantity  of  interest  is  the  small  signal  efficiency  when  a  uniform  magnetic  field 
is  considered.  The  energy  that  the  particle  gives  up  to  the  radiation  field  in  the  second 
resonator  can  be  written 

AW  =  ^  j  VxExdt  =  ^  J (PxlPz)Exdz.  (20) 

The  expressions  for  the  electric  field  and  the  perpendicular  momentum  are  those  from 
linear  theory: 

Px  =  Px  cos  ^  =  Px  cos  (ut  +  0)  (21) 


Ex  =  Eo2  sin  kyg  exp  [ - 5-]  cos  (wf  +  d>o)-  (22) 

^02 

Here,  0o  is  the  phase  difference  between  the  rf  fields  in  the  two  resonators  and  the 
subscript  2  denotes  the  second  resonator.  Integrating  Eq.  (20)  and  averaging  over  the 
gyroperiod  yields 


AW^(l/„6lo) 


eW02y/^E02PS. _ r 

— ^ ‘ - 
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,Tn(llo  ~  'Vo**'  ) 

X  cos  [ - L  -  ^  +  ^0  +  9  sin  kvg  cos  ( 

PzO 


(23) 


This  expression  for  may  be  integrated  over  a  uniform  distribution  in  entrance 
phase  ^0  and  an  arbitrary  distribution  in  the  y-direction  /(y^). 

exp  ei. 


4Pzo 


Pro 


(24) 


where 


^(9)  =  y -^UgsinOsin^/yCOd^.  (25) 

The  function  F{q)  depends  upon  the  shape  of  the  beam,  where  ^  is  the  variable  of 
integration  in  the  y-direction.  For  example,  a  pencil  beam  gives  F{q)  =  ^1(9),  so  that 
the  linear  efficiency  maximizes  for  9  =  1.84.  It  can  be  seen  that  the  linear  efficiency  of 
the  gyroklystron  is  maximum  for  zero  detuning 


« y  fin 

=  (1  _  if!)  =  0. 

w  u;7o 


(26) 


This  is  in  contrast  to  the  single-cavity  gyrotron,  where  the  output  frequency  is  al¬ 
ways  greater  than  the  relativistic  cyclotron  frequency.  However,  both  the  gyrotron 
and  gyroklystron  reach  optimum  efficiency  in  the  nonlinear  regime  for  similar  positive 
detuning  values[25]. 

The  change  in  slow  phase  in  the  drift  region  is 


A0 


Jo  7  Vz 


(27) 


If  the  fTiiijunetic  field  is  uniform  through  the  drift  region  and  the  electrons  are  monoen- 
ergetic,  il.e  change  in  slow  phase  can  be  written 


Ae  =  -{u-—)—.  (28) 

70  Vz 

It  can  be  seen  that  a  spread  in  parallel  velocity  wiU  cause  a  distribution  in  gyrophases  for 
electrons  at  the  second  resonator  when  the  detuning  between  the  cyclotron  frequency 
and  the  bunching  frequency  is  not  zero.  When  this  spread  in  gyrophase  is  approximately 
|,  the  bunching  will  completely  deteriorate  in  the  drift  region  and  the  device  will 
operate  as  a  single-cavity  QOG. 
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It  is  of  interest  to  calculate  the  effect  of  velocity  spread  in  a  uniform  magnetic  field 
for  future  comparison.  Consider  a  frequency  detuning  ^  =  3%,  which  results  in  good 
nonlinear  efficiency  for  many  gyrotrons.  A  ±10%  spread  in  the  parallel  velocity  of  the 
electrons  should  be  easily  attainable  using  magnetron  injection  guns.  The  maximum 
length  of  the  drift  tube  is  determined  by  setting  the  variation  in  gyrophase  to  The 
drift  length  is  written 


2Av^Au} 

For  a  beam  voltage  of  70  kV  and  a  pitch  angle  of  1.5,  the  maximum  length  of  the  drift 
region  is  calculated  as  22A.  The  length  of  the  drift  region  can  be  increased  by  lowering 
the  average  a  of  the  beam. 

When  the  magnetic  field  in  the  drift  region  is  not  uniform,  the  cyclotron  frequency 
and  parallel  momentum  can  again  be  written  =  flo  ±  and  pt^z)  =  - 

Sp^lz).  It  is  assumed  that  7  =  in  the  drift  region  for  the  present  discussion,  since 
only  velocity  spread  of  the  beam  electrons  is  considered  here.  The  change  in  slow  phase 
in  the  drift  region  is  now 


=  -  /‘  ±(w  -  ±)  +  /'•  +  /'•(„  -  (30) 

Jo  7o  Jo  7o  v^o  Jo  7o 

Here  the  second  order  term  proportional  to  6vz{z)6il{z)  has  been  dropped.  The  first 

term  of  Eq.  (30)  is  a  constant  with  respect  to  z  inside  the  integral.  The  other  two 

terms  depend  upon  the  nonuniform  field.  Substituting  the  previous  expression  for  the 

average  magnetic  field  variation  results  in 


(w-  — )  + 
Vzo  70 


-  <6B>  +^—iu-—)<6B>  .  (31) 

m-yovzo  2u‘o  ^zo  7o 


The  technique  used  in  this  section  is  to  expand  A9  in  terms  of  the  trajectory  pitch 
smgle  K,  where  k  is  defined[19] 

VzO  =  VoCOSK  (32) 


Uio  =  ^0  sin  K. 

Now,  the  change  in  slow  phase  can  be  expressed 

L  ,fio  ,  eL  <6B>  L  <6B>  .  2 

Ae= - (—  -u;)± - - - (—  -aj)tan^/t. 


Mo  COS  K  7o 


m7o  MO  cos  K  2mo  cos  k  70 


(33) 


(34) 
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"  he  change  in  gyrophase  angle  can  be  expanded  in  terms  of  6k  so  that 


Ad  =  +  —  j42(dAi)^  -f  Ado 


(35) 


where  Ado  is  the  change  in  slow  phase  for  k  =  kq.  The  expansion  coefficients  are 

L  SIq  el  .  _ 

Ai  =  — (oj - )sec»sotanKo - <  >  sec  ko  tan  Ko 

Vo  lo  m-yoVo 

+  ^  —  )[2-t-3tan^/co]secKotan/to  (36) 

OQ  ?o 


A-i  -  — (w*  -  —  )sec/so[l  +  2tan^»so] - <d5>  secKofU- 2tan^«o] 

»>0  70  m-yovo 

+  ~  —  )sec«o(2  +  13tan^  ko  +  12tan^  /to].  (37) 

2wo  oq  7o 

The  linear  efficiency  of  the  gyroklystron  is  a  convenient  measure  of  the  effect  of 
velocity  spread  that  can  be  treated  analytically.  Thermal  spread  of  electron  velocities 
will  principally  effect  the  the  sine  factor  of  Eq.  (24)  because  its  argument  is  integrated 
over  the  entire  drift  region.  The  exponential  factor  is  due  to  the  force  bunching  in  the 
output  resonator  where  the  integration  is  performed  over  2tno2.  Thus,  the  linearized 
efficiency  with  velocity  spread  can  be  calculated  by  averaging  over  the  sine  factor  if 
the  drift  region  is  much  longer  than  the  radiation  waist  {L  >  upi,  uio2)>  Assume  a 
Gaussian  distribution  in  pitch  angle  k  =  kq  6k 

The  expression  for  <  AH'"  >  may  now  be  averaged  over  the  distribution  in  k. 

<  AW'  >  =  ^cu;o2>/jr£b2tanaoexp[-(u;  -  —  )^u^02/4Vzo]-f’(9)  sin  (<f>o  -  ^) 

^  7o 

x(l  +  a^Al)~^^*exp[-~Ala^f(l  +  a*  A])].  (39) 

In  the  preceding  equation, 

d  =  Ad(/so)  +  i  tan“'  ^20^  -  ^ Aj A2a^/(1  +  a^Al).  (40) 

*  w 

The  small  signal  efficiency  of  the  gyroklystron  without  thermal  spread  is  obtained 
by  setting  a  =  0  in  the  preceding  equations.  When  thermal  spread  is  considered. 
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Figure  7:  Velocity  spread  coefficient,  defined  in  Eq.  (41),  versus  frequency  detuning  be¬ 
tween  the  two  resonators.  The  pitch  angle  distribution  is  Gaussian  with  mean  kq  =  1.0 
and  standard  deviation  a  =  0.025,  0.05,  and  0.1  for  the  solid,  dashed,  and  dotted 
curves,  respectfully. 
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the  coefficients  Ai  and  A2  modify  the  expression  for  efficiency  in  Eq.  (39).  These 
coefficients  depend  upon  the  separation  between  resonators  L,  the  mean  value  of  q, 
and  the  magnetic  field  nonuniformity  <6B>.  Define  the  velocity  spread  coefficient 

C(a)  =  (1  +  a^i42)~*'^'*exp{-i/lja*/(l  +  (41) 

This  coefficient  describes  the  degradation  of  the  linear  efficiency  due  to  velocity  spread 
and  varies  between  0  and  1,  where  C{a)  =  0  results  in  77  =  0.  The  result  of  the 
calculation  is  shown  in  Figure  7  for  an  average  nonuniformity  of  the  magnetic  field 
of  4.1%,  which  is  the  value  for  the  QOG  magnet  for  Z,  ~  10  cm.  The  mean  value  of 
pitch  angle  is  kq  =  1.0  (a  =  1.56),  while  the  three  curves  correspond  to  pitch  angle 
spreads  a  =  0.025,  0.05,  and  0.1.  The  corresponding  values  of  Ao  are  approximately 
±5%,  10%,  and  20%.  The  velocity  spread  coefficient  maximizes  at  a  frequency  detuning 
between  the  two  resonators  of  approximately  3.6%,  which  is  where  the  linear  efficiency 
is  maximum.  It  is  assumed  that  the  prebunching  resonator  is  driven  near  the  cyclotron 
frequency  so  that  the  beam  is  bunched  effectively. 

Figure  8  shows  the  results  of  the  calculation  of  the  thermal  spread  coefficient  for 
Ko  =  0.8,  which  corresponds  to  q  =  1.0.  The  full  width  at  half  maximum  of  the 
velodty  spread  for  the  three  curves  is  a  =0.025,  0.05,  and  0.10,  yielding  similar  values 
for  Aa.  The  maximum  of  the  curves  is  shifted  slightly  to  the  right  and  now  occurs 
at  Aw/w  =  3.7%..  The  point  where  the  effect  of  spread  is  minimized  depends  only 
weakly  upon  the  average  value  of  q,  so  that  fixing  the  frequency  detuning  does  not 
constrain  the  allowed  values  of  vx/v||.  The  main  dependence  of  the  optimum  frequency 
detuning  is  on  the  average  nonuniformity  of  the  magnetic  field.  The  magnetic  field 
shape  can  be  varied  somewhat  in  the  experiment,  which  allows  for  a  technique  to  tune 
the  optimum  frequency  difference  between  the  input  and  output  resonators.  Another 
feature  of  Figure  8  is  that  the  bandwidth  of  the  interaction  increases  with  decreasing 
Qo  for  large  velocity  spreads.  Thus,  it  may  be  desirable  to  operate  in  this  regime  to 
lower  the  effect  of  thermal  spread. 

The  size  of  the  bunching  parameter  is  of  considerable  importance  to  the  operation 
of  the  gyroklystron.  The  condition  for  starting  oscillation  in  the  first  resonator  with 
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Figure  8:  Same  as  Figure  7  for  kq  =  0.8. 


an  annular  electron  beam  with  optimum  frequency  detuning  can  be  expressed[4,21] 

(42) 


'XO 

In  the  above  equation  Pj,  is  the  input  beam  power  in  Watts,  d  is  the  mirror  separation, 
rj  is  the  beam  radius,  and  0  is  the  ratio  of  the  particle  velocity  to  the  speed  of  light. 
Considering  the  geometry  of  the  annular  beam  is  important  because  some  electrons  pass 
through  nulls  of  the  standing  fields  in  the  resonator,  which  decreases  the  efficiency  of 
the  interaction.  If  the  guiding  center  radius  rj  is  somewhat  greater  than  the  wavelength, 
then  Jo(kri,)  ~  0  and  Eq.  (42)  can  be  written 


hQ  >  4.6  X  10»(;^)7o(7o  -  1)5^.  (43) 

»^01  0X0 

As  an  example,  consider  a  prebunching  resonator  with  a  mirror  separation  of  8  cm 
and  mirror  radius  of  curvature  20  cm.  For  a  frequency  of  85  GHz,  the  radiation  waist 
is  0.94  cm.  An  electron  beam  voltage  of  70  kV  corresponds  to  a  relativistic  mass  factor 
7o  =  1.137,  and  assuming  a  =  1.5  yields  0xo  =  0.40  and  0zq  =  0.266.  If  the  quality 
factor  (Q)  of  the  resonator  is  2000,  then  the  threshold  current  of  the  prebunching 
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resonator  is  4.8  A.  The  Q  of  the  input  resonator  is  determined  by  the  diameter  of  the 
mirrors  and  the  size  of  the  coupling  hole. 

The  electric  field  in  the  bunching  resonator  determines  the  magnitude  of  the  bunch¬ 
ing  parameter.  A  fundamental  relation  between  the  energj-  stored  in  the  resonator  and 
power  dissipated  by  losses  is 

Q=-uW,^IPu  (44) 

where  Wem  is  the  stored  electromagnetic  energy  and  Pi  is  the  average  power  lost.  For 
a  Fabry-Perot  resonator,  the  stored  energy  can  be  written[43] 

Wem  =  jfoWQidEl.  (45) 

Here,  (q  is  the  permeability  of  free  space  and  all  quantities  are  in  MKS  units.  For  the 
resonator  described  above  and  an  input  power  of  375  Watts,  the  electric  field  at  the 
center  of  the  resonator  is  £oi  =  1.67  x  10^  V/m.  The  total  power  available  from  the 
EIO  is  1500  Watts,  so  the  value  375  Watts  should  be  a  conservative  estimate  of  the 
power  coupled  into  the  TEMoo  mode. 

If  the  drive  frequency  is  sufficiently  close  to  the  relativistic  cyclotron  frequency  in 
the  first  resonator,  then  the  exponential  term  in  Eq.  (12)  is  approximately  one.  The 
bunching  parameter  can  now  be  written 

g  ~  y/7u>pj  e£ojWo2L/2p^o^'  (46) 

The  separation  L  between  the  two  resonators  is  10  cm  for  a  detuning  of  3.6%,  yielding 
a  bunching  parameter  g  =  2.4.  Tran  et  al.  have  shown  that  the  optimum  bunching 
parameter  for  peak  efficiency  with  a  pencil  beam  placed  on  a  field  maximum  is  ap¬ 
proximately  3. [25]  The  optimum  value  of  g  for  an  annular  beam  is  somewhat  greater 
due  to  variation  of  electric  field  across  the  beam.  Thus,  the  maximum  bunching  in  this 
example  is  somewhat  less  than  optimum. 

It  can  be  seen  from  Eq.  (12)  that  the  bunching  parameter  scales  as  px/Pz»  so  that 
reducing  vx/v||  to  1.0  reduces  the  bunching  parameter  by  approximately  50%  for  a 
beam  voltage  of  70  kV.  This  operating  regime  (low  a)  is  of  interest  because  velocity 
spread  effects  will  be  smaller  and  the  gyroklystron  can  operate  at  higher  current  before 
the  prebunching  resonator  oscillates.  A  plot  of  the  bunching  parameter  is  given  in 
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Bunching  Parameter  q 


Figure  9  as  a  function  of  beam  alpha.  Note  that  rather  large  values  of  q  are  obtained 
for  a  ~  2.  In  this  regime,  it  may  be  possible  to  overbunch  the  gyroklystron  so  that  the 
bunching  parameter  is  too  large  and  the  interaction  efficiency  decreases. 


Alpha 

Figure  9:  Bunching  parameter  q  versus  electron  pitch  angle  a. 
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Chapter  III 

Quasioptical  Resonators 
A.  Properties  of  Quasktptical  Resonators 

The  quasioptical  gyrotron  derives  its  name  from  the  use  of  a  quasioptical  resonator 
in  the  interaction  region  of  the  gyrotron.  Fabry- Perot  resonators  have  been  used  ex¬ 
tensively  throughout  the  electromagnetic  spectrum  including  the  optical,  infrared,  mil¬ 
limeter,  and  microwave  regions.  The  most  common  reason  for  using  an  open  resonator 
Is  to  minimize  losses  and  obtain  a  large  quality  factor  (Q).  In  the  millimeter- wave  band, 
applications  of  quasioptical  resonators  include  the  measurement  of  dielectric  properties 
of  solids,  liquids,  and  gasses,  scattering  studies,  magnetic  resonance  in  materials,  fre¬ 
quency  measurement,  and  as  a  system  component  (ie-filter,  mixer,  diplexer).  A  review 
of  work  using  open  resonators  at  millimeter- wave  and  microwave  frequencies  is  given 
in  [42]. 

A  schematic  diagram  of  an  open  resonator  is  shown  in  Figure  10,  which  consists  of 
a  pair  of  mirrors  separated  by  many  radiation  wavelengths.  The  resonator  mirrors  are 
usually  curved,  which  tends  to  focus  the  radiation  into  a  beam  and  reduces  diffraction 
losses  around  the  mirrors.  This  type  of  resonator  is  much  easier  to  align  than  one 
with  planar  mirrors.  The  modes  of  the  resonator  may  be  calculated  analytically  if 
diffraction  around  the  mirrors  is  neglected  but  the  focusing  effect  of  the  curved  mirrors 
is  considered.  The  modes  can  be  written  as  products  with  Laguerre  polynomials  in 
cylindrical  coordinates  where  the  lowest  order  transverse  mode,  denoted  the  TEMoo 
mode,  is  Gaussian.  The  wavefront  of  the  mode  is  planar  at  the  beam  waist  and  is  equal 
to  the  radius  of  curvature  of  the  mirror  at  the  mirror  surface.  The  resonator  mirrors 
used  in  the  present  experiment  are  symmetric  except  for  the  input  and  output  coupling 
holes. 

There  are  two  very  different  open  resonators  used  in  the  quasioptical  gyroklystron 
experiment.  The  first  resonator  is  used  to  prebunch  the  electrons  while  the  second  is 
used  for  extracting  rf  energy  from  the  beam.  The  output  resonator  has  a  high  quality 
factor  (Q)  to  allow  for  the  large  electric  fields  necessary  for  the  efficient  transfer  of 
energy  between  the  electrons  and  the  rf  fields.  The  mirror  separation  is  variable  so 
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Figure  10;  Schematic  diagram  of  a  quasioptical  resonator  with  input  coupling. 


that  the  frequency  is  continuously  tunable.  This  feature  is  important  for  a  number  of 
reasons.  First,  the  radii  of  curvature  of  the  mirrors  can  be  chosen  so  that  the  Q  varies 
rapidly  over  a  given  range  of  mirror  separations.  The  radiation  waist  of  the  resonator 
mode  is  insensitive  to  changes  in  separation,  thereby  allowing  one  to  vary  the  electric 
field  strength  while  the  interaction  length  remains  essentially  constant.  If  the  fields  in 
the  resonator  become  too  large,  the  mirror  separation  can  be  increased  to  reduce  the 
fields  and  reoptimize  the  efficiency.  A  second  attribute  of  the  variable  separation  is 
that  it  allows  for  a  method  to  match  the  re  uant  frequencies  of  the  two  resonators 
during  the  hot  test  of  the  tube.  This  is  desirable  in  many  instances  including  phase- 
locked.  mode-primed,  and  amplifier  operation  where  the  electrons  should  be  bunched 
near  the  frequency  of  the  output  resonator.  Variable  separation  also  allows  for  beam 
coupling  studies  by  translating  the  entire  resonator  across  the  electron  beam.  Finally, 
the  experiment  is  performed  in  a  cold-bore  superconducting  magnet  which  may  affect 
the  alignment  when  cooled  to  cryogenic  temperatures.  Variable  position  mirrors  allow 
for  optimized  alignment  during  the  hot  test  of  the  gyrotron. 

The  function  of  the  input  resonator  is  to  prebunch  the  electron  beam  before  it 


reaches  the  main  resonator.  This  requires  a  low-Q  resonator  which  does  not  oscillate 
in  the  presence  of  the  beam.  Strong  oscillations  will  tend  to  introduce  a  large  energy 
spread  among  the  electrons  and  spoil  the  interaction  in  the  output  resonator.  The 
prebuncher  mirrors  can  be  fixed  to  simplify  construction  since  the  output  mirror  sep¬ 
aration  is  adjustable.  The  resonator  must  provide  a  means  of  efficient  coupling  to  the 
external  source  while  preserving  the  TEMqo  mode.  The  low  Q  is  obtained  by  reducing 
the  size  of  the  mirrors,  which  increases  the  diffraction  losses  around  the  mirror  edges. 
A  comparable  amount  of  power  may  be  lost  from  the  coupling  aperture(6). 

The  quality  factor  (^)  of  a  quasioptical  resonator  can  be  written 


Q  = 


And 

Wl 


(47) 


where  d  is  the  separation  between  the  resonator  mirrors  and  ji  is  the  fractional  round- 
trip  loss.  The  three  loss  mechanisms  which  are  important  in  this  work  are  ohmic, 
diffraction,  and  coupling  losses.  The  total  Q  of  the  resonator  can  be  expressed 
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where  Qn  is  the  ohmic  Q  and  Qd^  is  the  Q  associated  with  the  diffraction  and  coupling 
losses.  The  ohmic  Q  is  calculated  according  to  [43,44] 


(49) 


Here  /xq  is  the  permeability  of  free  space  and  a  is  the  conductivity  of  the  mirrors. 
Gold-plated  mirrors  are  used  in  the  output  resonator  with  a  conductivity  of  4.5  x 
10^  Siemens/m.  The  ohmic  Q  increases  linearly  with  mirror  separation  and  can  be 
neglected  for  large  values  of  output  coupling. 

The  diffraction/coupling  Q  is  calculated  separately  from  Qq  using  a  computer  code 
to  evaluate  the  losses[45].  The  program  solves  the  integral  equations  of  the  open  res¬ 
onator  as  a  matrix  eigenvalue  problem,  yielding  the  eigenfunctions.  Inputs  to  the  code 
include  the  wavelength  of  the  radiation,  the  mirror  radii,  the  curvature  of  the  mirrors, 
the  separation  between  mirrors,  the  dimensions  of  coupling  holes,  and  a  parameter 
which  specifies  the  mesh  size.  Outputs  from  the  code  include  the  diffraction  losses,  the 
coupling  losses,  and  the  electric  field  distribution  along  the  surface  of  each  mirror  for 
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the  TEMoo  and  TEMio  inodes.  The  subscripts  refer  to  the  radial  and  angular  mode 
numbers,  respectively,  and  higher-order  transverse  modes  may  be  analyzed.  The  so¬ 
lution  from  the  code  converges  rapidly  for  output  couplings  above  1%.  The  code  has 
been  compared  to  results  from  a  number  of  published  works  on  open  resonators.  Three 
resonator  geometries  have  been  considered:  symmetric  mirrors  without  coupling  holes, 
symmetric  mirrors  with  coupling  holes,  and  asymmetric  resonators  with  one  coupling 
hole.  Good  agreement  is  obtained  between  the  code  and  the  published  results  for  all 
three  geometries. 

The  quality  factor  of  the  output  resonator  used  in  the  gyroklystron  experiment  is 
plotted  in  Figure  11  as  a  function  of  mirror  separation.  The  total  Q  and  the  diffractive 
Q  at  a  frequency  of  85  GHz  are  given  by  the  solid  and  dashed  curves,  respectively.  The 
mirrors  are  gold  plated  with  a  mirror  diameter  of  5.6  cm  and  a  radius  of  curvature 
of  38.7  cm.  There  is  a  bevel  around  each  of  the  mirrors  which  reduces  the  effective 
diameter  to  5.5  cm.  The  separation  between  mirrors  can  be  varied  between  20-28 
cm  in  the  experiment  by  adjusting  micrometers  from  outside  the  magnet  dewar.  The 
total  Q  varies  from  47,000  to  24,000  over  the  range  of  interest  in  the  experiment, 
with  corresponding  values  of  round-trip  diffractive  output  coupling  increasing  from 
1.3  to  4.4%.  Ohmic  losses  are  relatively  small  and  decrease  from  13.8  to  4.5%  of  the 
diffractive  losses  as  the  separation  is  increased.  Changing  the  mirror  separation  from  20 
to  24  cm  provides  an  excellent  way  to  reduce  the  electric  field  in  the  output  resonator 
during  hot  tests.  The  flat  portion  of  the  curves  indicate  that  the  losses  are  increasing 
approximately  linearly  with  mirror  separation.  This  type  of  behavior  is  expected  from 
ray  optics  considerations,  where  the  diffraction  can  be  thought  of  as  propagating  from 
a  point  source  at  the  center  of  the  resonator. 

An  extensive  series  of  cold  tests  of  high-Q  quasioptical  gyrotron  output  resonators 
is  presented  in  [47].  Radiation  is  coupled  into  the  resonator  using  a  small  centered  hole 
in  one  of  the  mirrors,  while  the  diffracted  radiation  is  detected  using  a  standard-gain 
horn  positioned  behind  one  of  the  mirrors.  Thus,  the  total  Q  can  be  measured  as 
a  function  of  mirror  separation.  Good  agreement  is  obtained  between  the  measured 
data  and  theoretical  values  calculated  from  scalar  diffraction  theory  using  the  computer 
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Figure  11:  Calculated  Q  versus  mirror  separation  for  the  output  resonator. 

code.  This  work  showed  that  the  code  is  a  valid  tool  to  design  output  resonators  at 
millimeter  wavelengths  using  small  coupling  holes  and  relatively  small  output  coupling 
values. 

The  size  of  the  coupling  hole  can  have  a  large  effect  on  the  resonator  losses  and  mode 
pattern.  A  small  hole  at  the  center  of  the  mirror  primarily  excites  the  TEMoo  mode, 
which  has  an  electric  field  peak  on  axis.  The  next  higher  radial  mode,  the  TEMio, 
has  a  null  at  this  position  and  is  weakly  coupled.  The  coupling  hole  is  considered 
small  if  the  hole  losses  are  a  small  fraction  of  the  total  resonator  losses.  As  the  hole 
diameter  increases,  more  power  is  lost  through  the  aperture.  Ultimately,  a  large  hole 
will  distort  the  TEMoo  mode  so  that  it  no  longer  has  a  peak  on  axis.  There  is  a 
minimum  at  the  hole  and  the  maximum  is  shifted  towards  the  mirror  edge,  so  that 
the  new  pattern  resembles  the  TEMio  mode.  The  TEMio  mode,  on  the  other  hand, 
is  minimally  affected  by  the  presence  of  the  coupling  hole.  One  would  expect  that  the 
total  Q  for  these  modes  could  become  comparable  in  this  regime  where  the  coupling 
hole  is  large  and  the  fundamental  mode  is  distorted. 

An  example  of  the  degrading  effect  of  a  large  coupling  hole  on  the  TEMoo  mode 
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Figure  12:  Output  resonator  Q  versus  separation  with  large  coupling  holes. 


can  be  seen  in  Figure  12.  The  qualit.y  factors  of  the  TEMoo  and  TEMio  modes  are 
denoted  by  the  solid  and  dashed  curves,  respectively.  The  ^mensions  of  the  mirrors 
are  the  same  as  in  Figure  11,  except  there  is  a  1.78  mm-diameter  centered  hole  in 
each  mirror.  For  separations  shorter  than  15  cm,  the  fundamental  transverse  mode 
actually  has  a  lower  Q  due  to  coupling  losses  and  field  deformation.  For  large  mirror 
separations  the  power  lost  through  the  coupling  hole  is  small  for  both  modes  and  the 
fundamental  mode  is  again  dominant.  The  ratio  of  coupling  losses  to  total  losses  for 
each  mode  is  plotted  in  Figure  13  as  a  function  of  mirror  separation.  The  TEMio 
mode  is  largely  unaffected  by  the  presence  of  the  hole  since  it  has  a  field  minimum 
on  axis.  The  maximum  power  lost  through  the  aperture  for  this  mode  is  1.2%  of  the 
total  resonator  losses.  For  smaller  mirror  separations,  the  Q  of  the  fundamental  mode 
is  largely  determined  by  the  aperture,  where  the  maximum  power  coupled  through  the 
hole  for  the  fundamental  mode  is  approximately  50%..  This  is  a  standard  result  for 
quasioptical  resonators,  which  precludes  the  use  of  a  centered  coupling  hole  for  efficient 
output  coupling.  The  fields  of  the  TEMoo  mode  get  pushed  away  from  the  aperture  so 
that  the  maximum  hole  loss  cannot  exceed  ~50%  of  the  total  losses. 
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Figure  13:  Output  resonator  losses  versus  separation  with  large  coupling  holes. 

The  prebunching  resonator  for  the  gyroklystron  experiment  requires  a  low-Q  qua- 
sioptical  resonator,  which  is  accomplished  by  reducing  the  size  of  the  mirrors.  A  cen¬ 
tered  hole  in  one  mirror  provides  input  coupling,  while  a  second  aperture  in  the  other 
mirror  can  be  used  to  monitor  the  input  resonator.  One  would  expect  that  a  given  cou¬ 
pling  hole  will  have  a  smaller  effect  on  a  low-Q  resonator  than  a  high-Q  resonator,  and 
this  is  indeed  the  case.  Such  a  geometry  is  considered  in  Figure  14,  where  the  mirror 
diameters  are  3.1  cm,  the  radii  of  curvature  are  20  cm,  and  the  mirror  separation  is  7 
cm.  The  solid  and  dashed  curves  correspond  to  the  quality  factors  of  the  TEMoo  and 
TEMio  modes,  respectfully.  The  higher-order  transverse  mode  is  essentially  unaffected 
by  the  presence  of  the  centered  coupling  holes.  The  Q  of  the  fundamental  mode  drops 
from  6600  to  2100  as  the  radius  of  the  coupling  holes  increases  to  1  mm.  However,  the 
mode  pattern  of  this  mode  is  largely  unaffected  by  the  increased  coupling,  in  contrast 
to  the  previous  case  with  the  larger  mirrors. 

The  calculated  fractional  slot  loss  for  both  modes  is  shown  in  Figure  15  as  a  function 
of  coupling  hole  radius.  The  slot  loss  for  the  TEMqo  mode  is  still  increasing  approxi¬ 
mately  linearly  for  an  aperture  radius  of  1  mm,  which  indicates  that  the  mode  pattern 
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has  not  been  disturbed  significantly.  The  discrete  points  correspond  to  the  slot  loss  for 
the  next  higher  transverse  mode.  Although  these  values  are  less  than  1%,  the  Q  of  the 
fundamental  mode  is  still  larger.  This  is  an  important  consideration  when  designing 
the  prebuncher  since  the  fundamental  transverse  mode  should  have  the  lowest  stcirting 
current. 
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F.gure  14:  Calculated  Q  versus  coupling  hole  radius  for  the  prebuncher. 


Figure  15:  Fractional  slot  loss  versus  coupling  hole  radius  for  the  prebuncher. 
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B.  Cold  Tests  of  Prebunching  Resonators 


In  order  to  understand  the  behavior  of  a  quasioptical  resonator  during  cold  tests, 
first  consider  the  case  of  a  closed  resonant  cavity.  Coupling  to  such  a  cavity  is  often 
accomplished  by  drilling  a  pair  of  holes  in  the  cavity  and  driving  one  hole  with  a 
section  of  rectangular  waveguide  operating  in  the  TEio  mode[48,49].  The  ^erture  will 
couple  the  transverse  magnetic  field  in  the  waveguide  to  the  corresponding  magnetic 
field  in  the  resonator,  since  the  tangential  electric  field  at  the  wall  is  zero.  The  two  loss 
mechanisms  in  this  type  of  cavity  are  ohmic  losses  and  coupling  losses.  Cold  tests  are 
performed  by  monitoring  the  reflected  and  transmitted  signals  from  the  cavity,  where 
the  initial  cavity  has  two  small  holes.  The  most  common  strategy  is  to  keep  the  output 
hole  size  fixed  while  increasing  the  input  hole  diameter.  For  a  small  input  hole,  the 
reflected  signal  is  approximately  100%  near  the  resonant  frequency  of  the  cavity  and 
a  small  transmitted  signal  is  observed.  The  Q  of  the  cavity  is  obtained  by  measuring 
the  full-width  at  half  maximum  (FWHM)  of  the  transmitted  resonance  and  sq>plying 
the  relation  Q  =  //A/,  where  /  is  the  resonant  frequency  of  the  cavity  and  A/  is 
the  FWHM.  For  a  small  input  hole,  the  coupling  losses  are  small  and  the  measured 
Q  is  close  to  the  unloaded  Q  (Qo).  As  the  diameter  of  the  input  hole  is  increased, 
the  reflected  signal  near  resonance  decreases  while  the  transmitted  signal  on-resonance 
increases  as  more  power  is  coupled  into  the  cavity.  Off-resonance,  100%  of  the  power 
is  reflected  and  no  power  is  transmitted.  The  loaded  Q  of  the  cavity  can  be  expressed 
Ql  =  Qo/(l  +  0),  where  /?  =  Qo/Qe-  The  value  0  is  known  as  the  coupling  factor  of 
the  cavity  and  Qt  is  the  external  Q  due  to  coupling  losses.  The  reflection  from  the 
cavity  drops  to  zero  at  the  point  0  =  1,  which  is  known  as  critical  coupling.  The  region 
^  >  1  is  referred  to  as  overcoupled  while  /3  <  1  is  undercoupled.  The  power  reflection 
coefficient  from  the  cavity  can  be  written 


R  = 


(50) 


(1  +  0?  ■ 

As  the  cavity  becomes  overcoupled,  the  power  reflection  coefficient  approaches  1.  The 
usual  goal  in  the  cold  test  is  to  optimize  power  transfer  to  the  cavity  and  measure  the 
loaded  Q.  This  is  accomplished  by  increasing  the  input  hole  diameter  until  A  =  0  so 
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that  critical  coupling  is  achieved. 

Cold  tests  of  quasioptical  resonators  (low-Q  prebunching  resonators  in  particular) 
are  more  difficult  to  interpret  than  closed  cavities  because  there  are  more  loss  mech¬ 
anisms.  The  Q  of  the  unloaded  resonator  is  dominated  by  diffraction  of  the  TEMqo 
mode  around  the  mirrors.  This  implies  that  the  power  reflected  from  the  resonator  off- 
resonance  is  not  necessarily  100%,  which  contrasts  with  the  closed  cavity  result.  There 
is  also  the  pos.sibility  that  radiation  at  the  resonant  frequency  which  is  transmitted  past 
the  input  aperture  is  nonresonantly  scattered  out  of  the  resonator.  This  power  can  be 
thought  of  as  consisting  of  higher-order  modes  which  are  necessary  to  match  boundary 
conditions  at  the  input  coupling  hole.  The  prebunching  resonator  in  the  gyroklystron 
experiment  represents  the  first  time  that  a  low-Q  open  resonator  has  been  tested  at 
millimeter  wavelengths. 

Preliminary  cold  tests  of  prebunching  resonators  were  performed  using  a  94  GHz 
IMPATT  oscillator  to  test  the  basic  properties  of  low-Q  open  resonators  with  large 
co  upling  holes.  The  IMPATT  can  be  swept  in  frequency  by  applying  a  5  Volt  ramp  to 
the  frequency  modulation  port.  The  output  power  is  approximately  20  mW  and  the 
maximum  frequency  modulation  is  <^'100  MHz.  This  source  has  the  advantage  that  the 
frequency  is  very  stable  on  a  sweep-to-sweep  basis  with  a  frequency  jitter  less  than  1 
MHz,  which  allows  for  the  precise  measurement  of  the  Q  of  the  prebunching  resonator. 
A  10  mW  backward  wave  oscillator  (BWO)  is  used  for  measurements  at  85  GHz,  al¬ 
though  the  sweep-to-sweep  variation  precludes  accurate  Q  measurements.  A  schematic 
diagram  of  the  cold  test  set-up  is  shown  in  Figure  16,  where  the  waveguide  elements  are 
standard  WR-10  components  in  rectangular  waveguide.  The  interferometer  comprises 
a  pair  of  15.2  cm-diameter  mirrors  with  a  hole  for  input  coupling  and  another  to  mon¬ 
itor  the  transmitted  signal.  The  interferometer  has  a  Q  of  approximately  70000  and 
is  mounted  using  a  precision  micrometer,  which  allows  one  to  measure  the  frequency 
very  accurately  and  to  calibrate  the  sweep  of  the  IMPATT.  Initial  measurements  used 
the  swept  IMPATT  to  drive  the  prebuncher  while  the  reflection  was  monitored  using 
a  directional  coupler,  detector,  and  an  oscilloscope.  The  signal  reflected  from  the  pre¬ 
buncher  is  compared  to  a  100%  reflection  from  a  perfect  short  circuit  placed  at  the 
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Figure  16:  Schematic  diagram  of  the  cold  test  set-up. 


input  mirror  or  off  another  port  of  the  waveguide  switch.  The  Q  of  the  prebuncher  is 
determined  by  measuring  the  FWHM  of  the  transmitted  resonance,  where  a  portion  of 
the  diffracted  signal  is  collected  using  a  standard-gain  horn  beyond  the  mirror  edge. 

One  of  the  first  prebunching  resonators  tested  consisted  of  a  pair  of  mirrors  3.1  cm 
in  diameter  with  a  radius  of  curvature  of  20  cm.  The  mirrors  are  mounted  on  a  pair 
of  optical  mirror  mounts  and  translated  on  a  rail  to  vary  the  separation.  The  mirror 
alignment,  which  must  be  accurate  to  better  than  several  degrees,  is  optimized  using 
a  HeNe  laser.  The  input  mirror  is  machined  out  of  aluminum  with  a  small  centered 
coupling  hole  and  a  counter  bore  from  the  back  surface  of  the  mirror  to  accept  a 
waveguide  flange.  Some  representative  oscilloscope  traces  of  reflection  signals  from  the 
prebuncher  are  shown  in  Figure  17  for  a  mirror  separation  of  4.5  cm.  The  top  trace  in 
each  oscillograph  is  the  100%  reference  reflection  from  a  short  circuit  while  the  lower 
signal  is  the  reflected  signal  from  the  prebuncher.  For  a  coupling  hole  diameter  of  0.91 
mm,  there  is  no  discernible  dip  in  the  reflection  due  to  the  resonator.  The  characteristic 
dip  appears  for  a  coupling  hole  diameter  of  1.32  mm,  which  is  similar  in  appearance 
to  that  expected  in  a  closed  cavity  measurement.  As  the  input  hole  size  is  increased 
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further,  a  large  asymmetry  appears  due  to  the  interference  effects  caused  by  the  phase 
shift  in  the  resonator.  The  reflection  off-resonance  is  much  less  than  the  100%  value 
observed  for  smaller  hole  sizes.  Finally,  a  large  hole  (1.85  mm)  causes  approximately 
100%  reflection  on-resonance,  which  is  analogous  to  the  overcoupled  case  in  the  closed 
cavity.  However,  the  reflection  is  nearly  zero  as  the  frequency  of  the  source  moves  away 
from  resonance,  which  is  probably  due  to  radiation  scattered  nonresonantly  around  the 
mirrors. 

One  of  the  main  conclusions  from  the  data  in  Figure  17  is  that  a  large  fraction  of 
the  incident  power  can  be  coupled  to  the  TEMqo  mode.  From  the  last  oscillograph, 
essentially  100%  of  the  power  is  reflected  on- resonance  even  though  the  coupling  is 
large.  The  cross-sectional  dimensions  of  WR-10  waveguide  are  2.54x1.27  mm,  so  that 
nearly  all  of  the  power  would  be  radiated  past  the  1.8  mm  diameter  coupling  hole  in 
the  absence  of  the  far  resonator  mirror.  It  is  therefore  reasonable  to  expect  that  a  large 
portion  of  the  incident  power  is  coupled  to  the  mode  of  interest  for  smaller  coupling 
holes.  A  direct  measurement  of  the  strength  of  the  fields  in  the  prebunching  resonator 
is  performed  during  the  next  series  of  cold  tests.  A  large  volume  of  data  was  obtained 
for  the  Q  of  the  prebunching  resonator  as  a  function  of  mirror  separation  and  input 
coupling  hole  diameter.  As  is  the  case  for  the  output  resonator,  the  measured  values 
of  Q  are  in  agreement  with  those  calculated  from  scalar  diffraction  theorv. 

The  frequency  of  operation  of  the  quasioptical  gyroklystron  experiment  is  deter¬ 
mined  by  the  availability  of  a  suitable  source,  in  this  case  a  high  power  85  GHz  EIO. 
A  75-110  GHz  BWO  is  used  for  the  cold  test  of  the  final  prebunching  resonator.  The 
BWO  frequency  is  varied  by  sweeping  the  beam  voltage  (typically  2  kV),  so  that  the 
BWO  is  not  nearly  as  stable  as  the  solid  state  IMPATT.  Consequently,  the  reflection 
and  transmission  measurements  are  performed  using  the  BWO  while  the  final  loaded 
Q  is  obtained  using  the  EIO. 

A  new  pair  of  mirrors,  3.1  cm  in  diameter  with  radius  of  curvature  of  20  cm,  are 
used  for  the  experiment.  Each  mirror  is  machined  with  a  small  centered  coupling  hole 
and  a  counter-bore  from  the  bawdi  to  accept  a  WR-10  waveguide  flange.  The  mirrors 
are  cold  tested  using  the  rigid  mount  that  is  used  in  the  hot  test  experiment.  In  the 
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Figure  17:  Reflection  measurements  from  a  prebunching  resonator.  The  oscillographs 
in  (a)-(d)  correspond  to  coupling  hole  diameters  of  0.91,  1.32,  1.60,  and  1.85  mm, 
respectfully. 
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cold  test,  one  hole  is  used  to  drive  the  resonator  while  the  other  monitors  the  strength 
of  the  fields  in  the  prebuncher.  The  separation  between  the  mirrors  is  fixed  at  7  cm  so 
that  the  prebuncher  assembly  fits  inside  the  14.6  cm  diameter  of  the  main  crossbore  in 
the  superconducting  magnet. 

The  prebuncher  mirrors  are  surrounded  by  lossy  ceramic  rings  which  serve  two  pur¬ 
poses.  First,  the  rings  absorb  the  radiation  which  is  diffracted  around  the  prebuncher 
mirrors  in  the  experiment.  If  this  radiation  were  allowed  to  propagate  past  the  mirrors, 
it  would  be  free  to  interfere  with  gyroklystron  operation  by  reflecting  off  surfaces  inside 
the  magnet  dewar.  Secondly,  the  lossy  rings  isolate  the  prebunching  mirrors  from  the 
supporting  structure  of  the  mirror  holders.  This  ensures  that  the  Q  of  the  prebuncher 
is  due  solely  to  the  mirrors  and  not  the  mirror  holder.  Additional  lossy  material  is 
required  at  several  places  in  the  drift  tube  assembly  to  load  spurious  gyrotron  oscil¬ 
lations  where  the  magnetic  field  is  strong.  The  ceramic  Macor  was  chosen  for  all  of 
these  regions  because  of  its  short  lead  time,  ready  availability,  easy  machining,  and  low 
cost.  The  thickness  of  the  ceramic  is  chosen  to  be  an  odd  number  of  quarter  wave¬ 
lengths  in  the  dielectric  to  resonantly  absorb  at  the  design  frequency.  The  published 
values  for  the  real  and  imaginary  parts  of  the  dielectric  constant  for  Macor  at  85  GHz 
are  e  =  5.685  -  j0.082[50].  However,  variations  often  occur  during  the  production 
of  the  ceramic,  so  in-house  measurements  were  performed  to  determine  the  dielectric 
properties. 

The  standard  technique  which  is  used  to  measure  the  dielectric  properties  of  a  ma¬ 
terial  is  to  compare  the  reflection  from  the  sample  under  test  to  the  100%  reference 
reflection  from  a  perfect  short  circuit.  The  BWO  is  swept  from  75-100  GHz  and  tran¬ 
sitioned  from  the  TEio  mode  in  rectangular  waveguide  to  the  TEn  mode  in  circular 
guide  with  an  inside  waveguide  diameter  of  1.27  cm.  This  waveguide  is  far  from  cut-off 
in  W-band,  so  that  the  incident  radiation  is  nearly  a  plane  wave.  A  slab  of  lossy  mate¬ 
rial  is  inserted  between  the  end  of  the  circular  guide  and  a  copper  plate.  The  reflection 
from  the  lossy  ceramic  is  compared  to  the  plate  alone,  with  the  results  displayed  on  a 
scalar  network  analyzer.  The  resonant  frequency  of  the  absorption  maximum  is  related 
to  the  magnitude  of  the  dielectric  constant,  while  the  depth  of  the  absorption  is  related 
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Figure  18:  Measured  reflection  from  the  prebunching  resonator  Macor  rings.  The 
frequency  is  swept  from  75-100  GHz  and  the  vertical  scale  is  5  dB/div. 

to  the  loss  tangent  of  the  material.  Using  this  information  from  the  initial  cold  test, 
the  final  pieces  are  machined  to  resonantly  absorb  at  85  GHz.  The  cold  test  of  the  rings 
used  in  the  quasioptical  gyroklystron  experiment  is  shown  in  Figure  18.  The  thickness 
of  the  rings  is  0.277  inch,  with  a  measured  loss  of  more  than  10  dB  near  85  GHz.  The 
reflection  from  the  Macor  as  a  function  of  frequency  is  in  excellent  agreement  with 
simple  transmission  line  theory  using  the  permittivity  values  measured  in  the  cold  test. 
The  separation  between  the  prebuncher  mirrors  can  be  varied  slightly  using  shims  so 
that  the  frequency  of  operation  exactly  matches  the  maximum  absorption  of  the  rings. 

The  cold  test  set-up  used  to  measure  the  reflection  and  transmission  from  the 
prebunching  resonator  used  in  the  experiment  is  shown  in  Figure  19.  The  BWO  is 
operated  in  “A/”  mode  where  the  source  is  swept  over  a  narrow  range  about  the  center 
frequency  of  the  resonator.  The  reflected  signal  is  measured  via  a  directional  coupler 
and  a  detector,  while  the  transmitted  signal  is  detected  through  the  coupling  hole  in 
the  far  mirror.  The  frequency  is  measured  using  the  interferometer  in  Figure  16  or 
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Figure  19:  Cold  test  schematic  for  the  final  prebunching  resonator. 

simply  a  standard  WR-10  frequency  meter  off  an  unused  port  on  the  waveguide  switch. 
The  reference  short  circuit  used  in  the  reflection  measurements  is  obtained  by  placing 
a  small  piece  of  copper  tape  over  the  input  coupling  hole  in  the  resonator  mirror  or 
over  the  aperture  of  an  appropriate  length  of  waveguide.  The  latter  is  preferred  since  it 
makes  a  better  rf  contact  and  does  not  allow  for  any  spacial  gaps  between  the  waveguide 
and  the  short  circuit.  Various  attenuators  are  used  throughout  the  circuit  to  reduce 
the  effects  of  standing  waves.  Also  shown  in  Figure  19  is  a  radiation  pick-up  and  a 
detector.  A  section  of  WR-10  is  used  to  map-out  the  pattern  of  the  diffracted  radiation 
by  moving  the  pick-up  radially  away  from  the  mirror’s  edge  in  small  increments. 

The  prebunching  resonator  mirrors  are  initially  identical  with  a  0.8  mm  diameter 
coupling  hole  and  a  coupling  wall  thickness  of  0.3  mm.  The  reflection  and  transmission 
from  the  resonator  are  measured,  the  input  coupling  hole  diameter  is  increased  in  small 
increments,  and  the  procedure  repeated.  The  signal  transmitted  to  the  far  coupling 
hole  is  plotted  in  Figure  20  as  a  function  of  input  coupling  hole  diameter.  The  size 
of  the  output  coupling  hole  remains  fixed  for  this  data.  For  input  holes  below  1  mm 
in  diameter,  essentially  all  of  the  power  is  reflected  and  only  a  small  transmitted  reso- 
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Figure  20;  Measured  transmitted  signal  versus  input  coupling  hole  diameter. 


nance  is  observed.  As  the  input  aperture  is  increased,  the  transmitted  signal  increases 
monotonically  by  20  dB.  The  transmitted  resonance  is  symmetric  in  shape  as  the  fre¬ 
quency  is  swept,  and  there  is  very  little  background  radiation  detected  off-resonance. 
This  indicates  that  the  signal  from  the  far  coupling  hole  is  due  to  the  TEMqo  mode 
in  the  resonator  with  little  contribution  from  nonresonant  radiation.  Maximum  input 
coupling  is  obtained  for  a  hole  size  of  1.8  mm,  which  is  the  size  of  the  input  hole  in  the 
prebunching  resonator  used  in  the  experiment.  A  third  mirror,  identical  except  for  the 
size  of  the  coupling  hole,  is  used  to  obtain  the  last  data  point  at  a  diameter  of  2  mm. 
At  this  point  the  resonator  is  overcoupled  and  the  power  coupled  into  the  prebuncher 
decreases  markedly. 

A  plot  of  the  power  reflection  coefficient  versus  input  coupling  hole  diameter  for 
the  prebuncher  used  in  the  experiment  is  given  in  Figure  21.  For  input  holes  less  than 
1  mm  in  diameter,  the  reflection  from  the  resonator  is  essentially  100%.  The  reflection 
from  the  resonator  decreases  as  the  size  of  the  coupling  hole  increases,  due  to  both 
resonant  mode  coupling  and  nonresonant  scattering.  The  waveform  of  the  reflection 
takes  on  an  asymmetric  shape  for  hole  sizes  greater  than  approximately  60  mils.  The 
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Figure  21:  Measured  reflection  coefflcient  versus  input  coupling  hole  diameter. 


minimum  reflected  signal  occurs  for  a  frequency  somewhat  greater  than  the  resonant 
frequency  of  the  prebuncher,  in  contrast  to  the  closed  cavity  result.  All  of  the  data 
shown  in  Figure  21  is  obtained  at  the  resonant  frequency.  The  point  of  maximum 
transmission  corresponds  to  a  reflection  of  approximately  35%,  which  is  the  optimum 
coupling  for  this  resonator.  Further  increasing  the  coupling  hole  size  decreases  the 
reflection  but  also  decreases  the  power  coupled  into  the  mode  of  interest.  This  result 
is  quite  different  from  the  closed  cavity  case,  and  indicates  that  power  is  transmitted 
past  the  input  aperture  but  is  not  coupled  to  the  TEMoo  mode. 

If  35%  of  the  incident  power  is  reflected,  then  the  maximum  power  coupled  into  the 
fundamental  transverse  mode  is  65%.  The  technique  used  to  determine  the  amount  of 
radiation  coupled  into  the  desired  mode  is  to  measure  the  absolute  power  transmitted 
to  the  far  coupling  hole.  The  previously  described  measurement  on  the  prebuncher 
transmission  was  a  relative  measurement  where  the  transmitted  signals  were  normalized 
to  the  maximum  transmission.  The  output  coupling  hole  was  small  so  that  it  is  a 
small  perturbation  on  the  losses  of  the  resonator.  Consider  a  symmetric  prebunching 
resonator  with  a  coupling  hole  diameter  of  1.88  mm,  a  mirror  diameter  of  3.175  cm. 
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a  0.5  mm  bevel  on  each  mirror,  and  a  mirror  separation  of  7  cm.  The  value  for  Q 
calculated  by  the  diffraction  code  is  2030,  while  the  calculated  fractional  slot  loss  is 
29%  of  the  total  resonator  losses.  If  the  reflection  coefficient  is  assumed  to  be  0.35, 
then  the  maximum  signal  transmitted  to  the  far  hole  will  be  9.4%  (-10.3  dB).  The 
dimensions  of  this  resonator  are  very  similar  to  those  considered  in  Figure  14. 

The  EIO  is  used  to  measure  the  FWHM  of  this  resonator  during  cold  test,  yielding 
a  measured  value  oi  Q  =  2000.  Again,  this  is  in  excellent  agreement  with  the  quality 
factor  calculated  from  scalar  diffraction  theory.  The  BWO  is  used  in  the  measurement 
of  the  power  transmitted  to  the  far  coupling  hole  for  this  resonator,  which  is  9.3  dB 
down  from  the  incident  signal.  This  corresponds  to  a  measured  fractional  slot  loss  of 
approximately  12%,  which  is  close  to  the  calculated  value  of  9.4%.  This  measurement 
clearly  indicates  that  a  large  fraction  of  the  transmitted  power  is  c"'.pled  into  the  mode 
of  interest  in  the  prebunching  resonator.  The  fact  that  the  transmission  is  slightly  larger 
than  the  calculated  value  may  be  related  to  the  sensitivity  of  the  calculated  values  on 
the  resonator  dimensions. 

Another  effort  was  made  to  differentiate  between  diffraction  of  the  TEMoo  mode 
and  nonresonant  scattered  radiation.  The  radiation  diffracted  beyond  the  mirror  is 
mapped-out  using  a  section  of  WR-10  waveguide  (without  the  flange)  and  a  detector. 
The  mirrors  are  mounted  in  optical  mounts  so  that  the  separation  can  be  varied.  The 
BWO  is  swept  about  the  resonant  frequency  of  the  prebunching  resonator  and  the 
pattern  is  obtained  by  scanning  the  waveguide  radially  away  from  the  mirror  edge. 
The  mirror  separation  is  then  varied  by  a  small  amount  so  that  the  resonant  frequency 
is  shifted.  The  pattern  is  scanned  again  for  this  nonresonant  case.  The  diffraction 
patterns  are  shown  in  Figure  22  as  a  function  of  distance  from  the  mirror.  The  diffracted 
signal  for  the  TEMqo  mode  shows  a  large  peak  near  the  mirror  edge,  which  is  to  be 
expected.  The  nonresonant  radiation  has  very  little  structure  and  shows  none  of  the 
variation  associated  with  the  fundamental  transverse  mode.  The  radial  scans  confirm 
that  most  of  the  incident  power  is  coupled  to  the  mode  of  interest  and  is  not  scattered 
from  the  resonator. 

A  photograph  of  the  prebunching  resonator  used  in  the  gyroklystron  experiment  is 
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shown  in  Figure  23.  Ohmic  losses  in  this  resonator  are  a  small  fraction  of  the  total 
losses,  so  that  a  material  with  a  relatively  low  conductivity,  such  as  aluminum,  can 
be  used  for  the  mirrors.  There  is  a  circular  hole  in  each  of  the  mirrors  for  coupling, 
while  the  separation  between  the  mirrors  is  fixed  at  7  cm.  The  mirror  holder  is  fabri¬ 
cated  so  that  the  mirrors  are  parallel  to  within  0.5°.  This  specification  is  verified  on 
the  cold  test  bench  by  passing  tha  HeNe  laser  beam  through  the  coupling  holes  and 
checking  the  alignment.  The  ceramic  surrounding  the  mirrors  is  designed  to  absorb  the 
85  GHz  radiation  which  is  coupled  out  of  the  resonator  via  diffraction.  The  counter¬ 
bore  in  the  back  of  each  mirror  accepts  the  flange  from  standard  WR-10  waveguide. 
In  the  experiment,  the  electron  beam  propagates  from  the  bottom  to  the  top  in  the 
photograph.  Thus,  the  polarization  of  the  electric  field  from  the  input  TEio  mode  is 
horizontal  to  couple  to  the  perpendicular  motion  of  the  electrons.  The  parameters  of 
the  prebunching  resonator  are  summarized  in  Table  1. 
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Figure  23:  Photograph  of  the  prebunching  resonator  and  mirror  holder 


Mirror  Separation 

7  cm 

Mirror  Diameter 

3.175  cm 

Radius  of  Curvature 

20.3  cm 

Radiation  Waist 

0.92  cm 

Coupling  Hole  Diameter 

1.83  mm 

Total  Q 

2000 

Ohmic  Q 

122000 

Output  Coupling 

12.5% 

Diffraction  Loss 

8.3% 

Coupling  Loss 

4.1% 

Table  1:  Summary  of  prebunching  resonator  parameters 
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Chapter  IV 

Experimental  Apparatus  and  Diagnostics 
A.  Description  of  the  Experiment 

Thd  schematic  diagram  of  the  quasioptical  gyroklystron  experiment  is  shown  in 
Figure  24.  The  superconducting  magnet  is  capable  of  producing  fields  up  to  50  kG 
on-axis  in  the  main  bore  (vertical  direction  in  the  figure).  The  field  is  produced  by 
an  arrangement  of  seven  coils,  positioned  directly  above  and  below  the  crossbore,  with 
a  separation  between  the  two  main  coils  of  slightly  greater  than  a  Helmholtz  pair. 
Consequently,  there  is  a  7%  dip  in  the  magnetic  held  at  the  center  of  the  crossbore, 
as  shown  in  Figure  4.  The  coils  are  driven  by  two  separate  power  supplies  so  that  the 
magnetic  field  profile  can  be  varied  to  provide  a  positive  or  negative  taper  through  the 
interaction  region  in  the  output  resonator. 
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Figure  24:  Schematic  diagram  of  the  quasioptical  gyroklystron  experiment. 


In  the  cold  bore  superconducting  magnet,  the  tube  shares  the  same  vacuum  as  the 
magnet  dewax.  The  superconducting  coils  are  immersed  in  a  liquid  Helium  reservoir 
at  4°K,  and  there  is  also  a  liquid  Nitrogen  jacket  at  77®K  to  thermally  insulate  the 
Helium  dewax.  These  dewaxs  act  as  a  cryopump  so  that  a  base  pressure  of  1  x  10"* 
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Torr  is  obtained.  A  30  L/sec  ion  pump  is  located  atop  the  magnet  off  a  vacuum  port 
which  serves  mainly  as  a  pressure  diagnostic  during  hot  tests.  The  pressure  inside  the 
tube  during  operation  is  typically  3  x  10~®  Torr  at  a  repetition  rate  of  a  few  pulses 
per  second.  The  magnet  is  filled  with  liquid  Helium  before  running  the  gyroklystron 
each  day  due  to  the  rather  large  rate  of  evaporation  in  the  present  experiment.  Care 
must  be  taken  to  ensure  that  the  magnet  dewar  does  not  run  out  of  liquid  Helium  or 
Nitrogen,  otherwise  both  the  pressure  and  temperature  will  rapidly  increase. 

The  magnetron  injection  gun  (MIG),  mounted  to  a  flange  at  the  base  of  the  dewar, 
produces  an  annular  electron  beam  in  the  fringing  fields  of  the  main  coils.  Table 
2  lists  the  nominal  operating  specifications  of  the  gun,  which  is  the  same  as  that 
used  in  the  Varian  and  MIT  gyrotron  programs.  The  electron  gun  was  originally 
designed  for  use  in  a  140  GHz  conventional  cavity  gyrotron  operating  in  the  TEi5,2 
mode[7].  The  exact  operating  conditions  for  the  gun  in  the  quasioptical  gyroklystron 
experiment  are  somewhat  different,  and  will  be  described  in  detail  in  the  next  chapter. 
The  magnetic  field  required  for  85  GHz  operation  is  approximately  33.4  kG,  and  the 
magnetic  compression  ratio  of  the  magnet  used  in  the  experiment  is  slightly  lower 
than  the  original  design  value.  These  differences  require  a  smaller  mod  anode  voltage, 
although  the  performance  of  the  electron  gun  is  still  very  good.  The  maximum  voltage 
of  the  gun  has  been  pushed  to  110  kV,  with  a  maximum  current  of  60  A.  The  values 
for  a,  Avx/v±,  and  cavity  beam  thickness  are  calculated  values  obtained  using  an 
electron  gun  simulation  program[51].  The  beam  is  formed  using  a  thermionic  emitter 
strip  which  is  heated  to  ~  1000°C  by  applying  approximately  110  W  of  AC  power  to  the 
heater  coil.  The  gun  is  mounted  using  a  gate  valve  so  that  the  gun  vacuum  is  preserved 
when  the  experiment  is  brought  up  to  atmospheric  pressure  and  temperature. 

A  schematic  diagram  of  the  modulator  used  to  power  the  electron  gun  is  shown 
in  Figure  25.  The  dc  power  supply  charges  a  12  stage  pulse  forming  network  (PFN), 
located  at  the  top  right  of  the  figure,  which  is  discharged  via  a  thyratron.  The  resulting 
pulse  is  directed  to  a  1:12  step-up  transformer  to  reach  voltages  up  to  100  kV.  The 
intermediate  anode,  also  referred  to  as  the  mod  anode,  is  charged  using  a  resistive 
divider  circuit  which  can  be  adjusted  between  0.5-99.5%  of  the  cathode  voltage  in  1% 
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Beam  Voltage 

80  kV 

Beam  Current 

35  A 

Mod  Anode  Voltage 

25.2  kV 

Cavity  Magnetic  Field 

55.5  kG 

Magnetic  Compression 

30 

a  =  t;x/w|i 

1.93 

3.9% 

Cavity  Beam  Radius 

5.3  mm 

Cavity  Beam  Thickness 

0.59  mm 

Cathode  Current  Density 

5.0  A/cm 

Cathode  Radius 

2.9  cm 

Cathode  Angie 

23“ 

Anode  Angle 

0° 

Table  2:  Original  electron  gun  design  specifications. 
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80  V  20  A 
MHz  CW 

Figure  25:  Schematic  diagram  of  the  modulator  used  in  the  experiment. 

steps.  An  oil-filled  load  box  is  placed  between  the  modulator  and  the  electron  gun  so 
that  changes  to  the  circuit  can  be  made  quickly  and  easily.  All  resistors  used  in  the  load 
box  are  the  flat,  woven  type  which  are  cooled  by  the  oil  and  do  not  vary  in  resistance 
as  the  voltage  is  increased.  Most  of  the  current  from  the  modulator  passes  through  the 
shunt  resistors,  shown  at  the  bottom  of  the  figure,  so  that  the  modulator  is  terminated 
with  a  matched  load  impedance.  This  is  required  since  the  electron  gun  impedance 
changes  radically  during  the  pulse.  The  pitch  ratio  of  the  electrons  (o  =  vx/v||)  is 
varied  by  adjusting  the  mod  anode  voltage.  The  capacitance  between  the  cathode  and 
mod  anode  is  varied  to  change  the  evolution  of  a  as  a  function  of  time  during  the  rise 
of  the  voltage  pulse.  As  will  be  seen  in  the  next  chapter,  the  evolution  of  q  and  7  in 
time  has  important  effects  on  the  operation  of  the  gyroklystron. 

The  electron  beam  is  collected  at  the  top  of  the  experiment  and  outside  of  thv  mag¬ 
net  dewar.  The  collector  is  electrically  isolated  from  the  dewar  using  a  ceramic  break 
so  that  depressed  collector  studies  may  be  performed.  Different  values  of  resistance  are 
placed  between  the  collector  and  ground  so  that  the  beam  is  collected  at  a  negative 
potential  during  the  duration  of  the  13  fisec  pulse.  The  resistors  are  the  woven  type 
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described  earlier  and  are  immersed  in  oil  in  the  load  box.  The  collector  is  water  cooled 
so  that  high  average  power  can  be  obtained,  and  is  also  bakeable  to  reduce  outgassing. 

The  section  immediately  proceeding  the  collector  is  referred  to  as  the  uptaper,  and 
is  shown  in  Figure  24.  The  uptaper  guides  the  electron  beam  from  the  high  magnetic 
field  region  near  the  main  resonator  to  the  low  field  region  at  the  coUector.  There 
are  numerous  holes  drilled  in  this  piece  to  load  low  frequency  gyrotron  oscillations 
and  allow  for  more  efficient  vacuum  pumping.  Because  of  geometrical  constraints,  a 
portion  of  the  electron  beam  is  often  collected  on  the  uptaper,  which  is  undesirable 
during  depressed  collector  operation. 

To  understand  the  trajectories  of  the  beam  electrons  in  this  region,  consider  Busch's 
Law  which  is  derived  from  the  conservation  of  angular  momentum. 

=  (51) 

Here  the  subscript  c  refers  to  the  cathode  and  Tg  and  r/  are  the  guiding  center  radius 
and  Larmor  radius,  respectfully.  High  frequency  gyrotrons  operate  with  large  magnetic 
compression  ratios  and  high  magnetic  fields  so  that  r/  <  r^.  The  previous  equation  may 
now  be  written  Tg  S  Tcs/Bc! B.  The  electron  beam  thickness  for  the  magnetron  electron 
gun  used  in  the  experiment  is  on  the  order  of  3r/,  so  that  the  outermost  electrons  reach 
a  maximum  radius  of  r„,<ix  =  +  §r/.  The  Larmor  radius  is  defined  r/  =  rx7/ft,  where 

fl  is  the  nonrelativistic  cyclotron  frequency  and  t’x  is  the  perpendicular  velocity  of  the 
beam  electrons.  Conservation  of  magnetic  moment  implies  that  p^/5  is  a  constant  of 
the  motion.  The  above  relations  may  be  used  to  calculate  the  maximum  diameter  of 
the  electron  beam  in  an  adiabatically  varying  magnetic  field. 

A  trim  coil  is  placed  at  the  position  where  the  uptaper  ends  to  compress  the  beam 
into  the  collector.  First  consider  the  case  where  the  trim  coil  current  is  zero,  as  seen 
in  Figure  26.  The  beam  diameter  is  smallest  at  the  position  z  =  0,  which  is  at  the 
center  of  the  crossbore.  The  magnet  currents  are  48.5  and  48.2  A  for  the  upper  and 
lower  coils,  respectfully,  yielding  a  magnetic  field  of  33.42  kG  at  the  output  resonator. 
The  axial  magnetic  field  is  calculated  using  the  standard  formulae  for  solenoids,  given 
by  Montgomery  in  [52].  Given  the  position,  current,  dimensions,  and  number  of  turns 
of  the  solenoids,  the  magnetic  field  is  calculated  by  summing  the  contributions  of  the 
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Figure  26:  Beam  expansion  without  a  collector  trim  coil. 


different  coils.  The  beam  is  collected  on  the  uptaper  near  the  position  z  =  73  cm, 
although  it  nearly  intersects  at  2  =  25  cm. 

For  a  trim  coil  current  of  300  A  the  trajectories  of  the  electrons  are  much  different. 
The  trim  coil  is  positioned  between  92-102  cm,  and  it  can  be  seen  in  Figure  27  that 
none  of  the  beam  intersects  the  uptaper.  The  trim  coil  provides  2.08  kG  in  the  center 
of  the  solenoid,  which  is  much  greater  than  the  fringing  field  of  the  main  coils.  In  the 
experiment,  the  trim  coil  is  driven  by  two  separate  power  supplies  capable  of  600  A 
total  current.  However,  the  maximum  current  is  limited  to  about  300  A  due  to  the 
large  amount  of  heat  dissipated  in  the  coil  during  dc  operation.  The  trim  coil  is  water 
cooled  and  the  supplies  are  connected  to  flow  switch  interlocks  to  prevent  melting  the 
coil  in  the  event  that  the  flow  is  interrupted.  For  the  calculation  shown  in  Figure  27,  the 
electron  beam  voltage  is  70  kV  and  q  =  1.5  in  the  output  resonator.  Lower  values  of  a 
result  in  smaller  Larmor  radii  and  smaller  electron  beam  diameters.  Varying  the  trim 
coil  current  and  the  average  a  of  the  beam  provides  a  diagnostic  to  directly  measure 
the  beam  thickness,  which  yields  information  on  the  average  a  and  the  spread  in  pitch 
angle. 
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Figure  27:  Beam  expansion  with  a  collector  trim  coil. 

There  are  a  number  of  current  monitors  located  throughout  the  gyroklystron  to 
determine  where  the  electron  beam  is  collected.  These  include  the  cathode,  collector, 
mod  anode,  uptjqjer,  drift  tube,  collector  tip,  and  dewax.  The  current  monitors  are 
manufactured  with  tolerances  of  +1%/  —  0%,  and  are  calibrated  in-house  using  several 
techniques  which  confirm  the  original  specifications.  This  information  is  particularly 
important  when  calculating  the  rf  efficiency  of  the  interaction.  Under  optimum  op¬ 
erating  conditions,  essentially  100%  of  the  current  reaches  the  collector.  However,  a 
good  deal  of  data  is  collected  where  the  trim  coil  current  is  less  than  300  A,  so  that 
some  of  the  current  is  collected  on  the  uptaper.  During  the  assembly  of  the  tube, 
the  uptaper  was  partially  shorted  to  the  dewax  so  that  they  are  no  longer  electrically 
isolated.  Although  a  quantitative  comparison  of  these  current^  is  not  possible,  they 
can  be  used  to  determine  when  current  is  collected  on  either  the  uptaper  or  dewax. 
Summing  the  contributions  from  the  collector,  uptaper,  and  dewax  monitors  yields  the 
current  measured  at  the  cathode.  No  current  is  observed  on  the  mod  anode,  drift  tube, 
or  collector  tip  during  normal  operation. 

The  cathode  and  mod  anode  voltages  are  measured  using  capacitive  voltage  mon- 
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itors  located  in  the  load  box.  Careful  calibration  of  these  monitors  is  required  for 
accurate  measurements  of  efficiency  and  frequency  detuning,  as  well  as  voltage  mea¬ 
surements  for  electron  trajectory  simulations.  A  commercial  high  voltage  probe  is  used 
to  calibrate  the  monitors  in  situ  up  to  40  kV.  The  electrical  connections  to  the  electron 
gun  are  unchanged  during  the  calibration,  since  changes  in  the  capacitance  of  the  circuit 
affect  the  voltage  induced  on  the  monitors.  The  ratio  of  mod  anode-to-cathode  voltage 
is  then  measured  up  to  cathode  voltages  over  80  kV.  The  ratio  of  the  two  is  constant 
as  a  function  of  voltage  with  a  measured  variation  of  less  than  0.4%,  which  approaches 
the  error  in  the  measurement.  This  result  confirms  that  the  voltage  monitors  are  linear 
and  the  resistive  divider  circuit  is  constant  as  a  function  of  voltage. 

Typical  oscilloscope  traces  of  the  cathode  voltage  and  the  coDector  current  are 
shown  in  Figure  28.  The  voltage  pulse  has  a  12  /isec  flat  top  and  a  5  /isec  risetime. 
The  12  stage  PFN  induces  ±1.3%  voltage  ripple  with  6  periods  during  the  flat  top  of 
the  pulse.  Reducing  the  ripple  to  below  1%  has  no  effect  on  the  output  radiation  from 
the  gyrotron  in  the  present  experiment.  The  risetime  of  the  voltage  pulse  is  limited  by 
the  inductance  of  the  1:12  step-up  transformer,  where  the  PFN  rise  is  approximately 
1  fisec.  The  collector  current  initially  rises  very  quickly  due  to  temperature-limited 
operation.  The  current  reaches  the  final  flat- top  value  more  slowly,  since  it  is  space 
charge  limited  under  these  conditions.  This  effect  is  also  observed  in  that  increasing 
the  cathode  voltage  increases  the  current  emitted  from  the  electron  gun. 

A  photograph  of  the  drift  tube  assembly  is  shown  in  Figure  29,  where  the  electron 
gun  mounts  to  the  bottom  flange.  The  annular  electron  beam  is  generated  outside  the 
magnet  dewar  amd  then  passes  through  the  beam  tunnel,  which  comprises  a  section 
of  green-fired  stainless  steel  with  slots  to  load  low  frequency  gyrotron  oscillations. 
The  beam  tunnel  is  electrically  isolated  from  the  gun  flange  using  ceramic  insulators. 
The  beam  paisses  through  the  drift  tube,  which  is  composed  of  alternating  copper 
and  ceramic  rings  which  are  designed  with  varying  thicknesses  to  load  high  frequency 
gyrotron  oscillations  in  the  high  magnetic  field  region.  The  copper  rings  are  tapered  on 
the  inside  edge  to  reduce  the  probability  of  oscillations  due  to  gyrotron  interactions  with 
the  conducting  wall.  The  drift  tube  is  interrupted  for  5  cm  to  allow  for  the  prebunching 
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Figure  28:  Oscilloscope  traces  of  the  cathode  voltage  and  collector  current. 

resonator,  whose  axis  is  perpendicular  to  the  direction  of  beam  propagation.  There  is 
a  1.15  cm  radius  crossbore  cut  through  the  drift  tube  to  accommodate  the  prebuncher 
radiation  waist  of  0.92  cm.  A  ceramic  sleeve  is  located  inside  the  drift  tube  in  this 
region  with  a  thickness  to  resonantly  absorb  rf  radiation  at  85  GHz. 

The  input  and  output  signals  from  the  prebunching  resonator  are  transmitted 
through  standard  WR-10  rectangular  waveguide  to  vacuum  windows  mounted  on  the 
bottom  flange  near  the  gun.  The  windows  are  fabricated  using  a  thin  piece  of  Mylar 
which  is  epoxied  to  a  stainless  steel  high  vacuum  flange.  The  thickness  of  the  Mylar  is 
less  than  A/20  in  the  dielectric,  which  results  in  a  very  wide  transmission  bandwidth. 
Although  not  suitable  for  high  average  power,  the  windows  have  a  reflection  loss  of  less 
than  1  dB,  are  low  cost,  and  require  only  a  short  lead  time. 

The  operating  frequency  of  the  quasioptical  gyroklystron  experiment  is  determined 
by  the  availability  of  a  suitable  source,  in  this  case  an  85  GHz  extended  interaction 
oscillator  (EIO).  The  EIO  produces  1.8  kW  peak  power  in  pulses  up  to  2  fisec  with 
a  maximum  duty  factor  of  0.5%.  Both  the  pulse  width  and  the  pulse  repetition  rate 
are  continuously  variable  from  the  control  panel,  although  the  experiment  is  usually 
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operated  at  only  a  few  pulses  per  second.  The  EIO  is  mechanically  tunable  between 
84-86  GHz  via  a  micromete'  drive  and  frequency  controller.  Varying  the  beam  voltage 
of  the  EIO  allows  fine  tuning  of  the  frequency  of  up  to  ±300  MHz.  Precise  control 
of  the  frequency  is  accomplished  quickly  and  is  very  important  during  phase-locking 
investigations.  For  pulse  lengths  shorter  than  0.5  /isec,  the  frequency  spectrum  of  the 
EIO  is  temporally  limited  (A/AT  ~  1).  However,  longer  pulses  are  affected  by  a 
voltage  droop  in  the  grid  circuit  of  the  EIO  so  that  large  frequency  chirps  are  observed. 
For  example,  a  2  /isec  pulse  has  >10  MHz  downward  droop  during  the  pulse.  This 
subject  will  bo  discussed  more  fully  in  the  next  chapter  in  the  amplifier  section.  The 
power  supply  and  modulator  of  the  EIO  are  mounted  on  a  freon  cooling  plate  so  that 
the  operating  temperature  remains  below  30°C. 

Another  photograph  of  the  drift  tube  is  shown  in  Figure  30  where  the  prebunching 
resonator  is  removed,  giving  a  clearer  view  of  the  interior.  There  are  a  pair  of  vertical 
slots  that  run  the  length  of  the  drift  tube  to  allow  for  the  posts  of  two  capacitive 
probes(53].  The  probes  have  the  same  inside  dimensions  as  the  copper  rings  and  are 
used  to  measure  the  average  a  of  the  beam  electrons.  The  outside  diameter  of  the 
probes  is  somewhat  smaller  than  the  drift  tube  radius  so  that  the  probes  do  not  touch 
the  drift  tube  wall.  The  copper  discs  are  held  in  place  with  a  small  lip  on  the  ceramic 
rings  directly  above  and  below  each  probe.  The  posts  and  wire  leads  are  electrically 
isolated  from  the  dewar  and  drift  tube  using  ceramic  pieces  which  can  be  seen  in  Figure 
29.  A  voltage  is  induced  on  the  probes  when  the  beam  is  present  which  is  proportional 
to  the  longitudinal  charge  density.  The  average  pitch  ratio  of  the  electrons  can  then  be 
calculated  if  the  betim  energy  and  current  are  known. 

An  idecdized  geometry  of  the  capacitive  probes  is  given  by  considering  two  long 
concentric  cylinders  which  are  electrically  isolated  from  each  other.  With  an  electron 
beam  at  the  center  of  the  cylinders.  Gauss'  Law  is  used  to  calculate  the  electric  field 
Et  between  the  electrodes. 

J  Et  r  d<f>dz  =  --  j prdTd4>dz  (52) 

In  this  equation,  p  is  the  volume  charge  density  of  the  beam  and  c  is  the  dielectric 
constant  of  the  medium.  The  electric  field  is  obtained  by  integrating  the  previous 
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Figure  30:  Photograph  of  the  drift  tube  without  the  prebunching  resonator. 
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equation. 


E  =-i-L 
'  £2irr 


(53) 


Here  ^  =  f  pr  dr d4>  is  the  charge  per  unit  length  at  the  center  of  the  cylinders.  The 
voltage  induced  on  the  inner  cylinder  is  obtained  by  integrating  the  electric  field  from 
the  inner  surface  to  the  outer  surface. 


Vp  =  ^ln(ro/r.)  (54) 

The  parameters  tq  and  fj  are  the  radii  of  the  outer  and  inner  cylinders,  respect¬ 
fully.  The  capacitance  per  unit  length  of  the  probe  for  this  geometry  is  written 
Cp  =  27r€/ln  (ro/rj).  The  longitudinal  charge  density  can  be  expressed  f  =  /j/<  r||  >, 
where  h  is  the  beam  current  and  <  un  >  is  the  average  longitudinal  velocity  of  the 
electrons. 

The  probes  used  in  the  experiment  are  thin  discs  so  that  the  expression  for  the 
capacitance  given  above  for  the  idealized  geometry  is  not  valid.  The  capacitance  of  the 
probe  is  determined  experimentally  by  reducing  the  pitch  ratio  of  the  beam  so  that  a  ~ 
0.  If  there  is  no  perpendicular  component  of  the  velocity,  then  j8||o  =  \/\  -  where 
/I  is  the  ratio  of  the  particle  velocity  to  the  speed  of  light.  The  experimentally-derived 
probe  capacitance  is  then  calculated  using  the  expression  Cp  =  /i/V^V||o-  Low  values 
of  pitch  angle  are  obtained  in  the  experiment  by  lowering  the  mod  anode  voltage  via 
the  resistive  divider  circuit.  However,  it  is  unrealistic  to  expect  a  beam  with  a  =  0  and 
no  spread  in  pitch  angle.  Electron  trajectory  simulations  indicate  that  the  minimum 
alpha  is  approximately  0.3  for  the  beam  formed  in  the  gyroklystron  experiment.  Hence, 
the  probe  capacitance  is  calculated  using  the  appropriate  longitudinal  velocity  for  this 
minimum  value  of  a. 

A  refinement  to  this  calculation  for  a  is  the  inclusion  of  space  charge  depression 
in  the  drift  tube.  The  voltage  depression  for  a  thin  annular  beam  propagating  in  a 
conducting  cylinder  is  given  by[54] 

where  and  are  the  wall  and  beam  radii,  respectfully.  In  the  quasioptical  gy¬ 
roklystron  experiment,  the  ratio  r^/ru,  =  0.61.  For  a  beam  voltage  of  70  kV,  a  beam 
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current  of  10  A,  and  a  =  1.5,  there  is  a  1.4  kV  voltage  depression  in  the  drift  tube. 
Although  this  is  a  rather  small  effect  in  the  present  experiment  where  the  current  is 
less  than  15  A,  the  space  charge  depression  factor  is  included  in  the  data  analysis  for 
completeness.  Space  charge  depression  is  important  when  the  gyrotron  is  operated  at 
high  power  where  the  beam  current  is  greater  than  50  A. 

The  main  idea  behind  the  capacitive  probe  is  the  measurement  of  the  average  /3|| 
of  the  electrons  when  the  beam  current  and  energy  are  known.  This  limits  the  use 
of  the  capacitive  probes  to  electron  beams  where  the  average  pitch  ratio  is  on  the 
order  of  1  or  2.  Consider  the  case  where  the  beam  electrons  have  no  perpendicular 
component  of  velocity:  =  0.  The  parallel  component  of  the  electron  velocity  is 

written  /3||o  =  \/l  -  7“^  for  some  arbitrary  7.  For  the  case  of  finite  a,  the  parallel 
velocity  is  expressed  /3j|  =  ;3||o/\/a^  +  1-  The  normalized  longitudinal  velocity  is  plotted 
in  Figure  31  as  a  function  of  the  electron  pitch  angle.  For  values  of  o  between  0 
and  0.3,  the  longitudinal  velocity  of  the  electrons  varies  by  only  4%,  which  is  very 
difficult  to  measure  in  an  experiment.  On  the  other  hand,  a  pitch  ratio  of  1.0  results 
in  a  normalized  longitudinal  velocity  ratio  of  0.71,  which  is  easily  discernible  in  the 
laboratory.  Accordingly,  a  ±5%  margin  of  error  in  the  measurement  of  /?||o  for  an 
average  o  =  0.3  results  in  values  of  a  ranging  between  0  and  0.5.  For  a  mean  pitch 
ratio  on  the  order  of  1.7,  the  same  margin  of  error  in  the  longitudinal  velocity  causes 
a  variation  in  a  of  only  ±5%. 

The  capacitive  probes  are  placed  in  the  drift  tube  immediately  before  and  after 
the  prebunching  resonator,  which  corresponds  to  directly  before  and  after  the  first 
peak  in  the  magnetic  field.  The  probes  provide  several  important  functions  beside 
measuring  the  average  pitch  ratio  of  the  beam.  It  has  been  speculated  that  the  magnetic 
field  minima  at  the  center  of  the  crossbore  causes  electrons  to  become  trapped  in  this 
region.  Electrons  which  lose  a  significant  amount  of  perpendicular  energy  to  the  rf  fields 
could  be  mirrored  before  reaching  the  second  magnetic  field  maxima.  The  capacitive 
probes  measure  longitudinal  charge  density,  therefore  comparing  probe  signals  before 
and  after  the  first  maxima  indicates  whether  electrons  are  reflecting.  Another  benefit 
of  the  probes  occurs  during  depressed  collector  operation.  If  the  collector  depression 
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Alpha 

Figure  31:  Normalized  ;3||  versus  pitch  angle  a. 

is  increased  to  a  large  value,  electrons  are  reflected  from  the  collector  and  follow  the 
magnetic  field  lines  back  through  the  main  resonator.  The  probes  can  be  used  to 
indicate  the  onset  of  these  reflections  via  a  large  increase  in  the  probe  signal.  Lastly, 
the  probes  can  be  used  to  detect  oscillations  in  the  drift  tube  or  the  prebunching 
resonator.  Gyrotron  oscillations  induce  high  frequency  noise  on  the  beam  which  is 
readily  observed  on  a  downstream  probe.  This  measurement  is  quite  valuable  when 
drift  tube  oscillations  are  a  candidate  for  poor  tube  performance.  Note  that  since 
the  output  radiation  is  perpendicular  to  the  direction  of  beam  propagation  in  the 
quasioptical  gyrotron,  drift  tube  oscillations  may  not  be  detected  in  the  output  of  the 
tube. 

There  is  a  gap  between  the  end  of  the  drift  tube  and  the  beginning  of  the  uptaper  to 
allow  the  beam  to  interact  with  the  fields  in  the  main  resonator.  This  open  resonator 
is  formed  by  a  pair  of  spherical  mirrors  separated  by  many  radiation  wavelengths.  The 
characteristics  of  the  output  resonator  used  in  the  gyroklystron  experiment  are  sum¬ 
marized  in  Table  3,  where  the  resonant  frequency  is  on  the  order  of  85  GHz.  Radiation 
is  coupled  out  of  the  resonator  via  diff’raction  of  the  TEMoo?  mode(s)  around  the  mir- 
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Mirror  Separation 

21  cm 

Radius  of  Curvature 

38.7  cm 

Mirror  Diameter 

5.5  cm 

Mode  Density 

0.84% 

Mode  Separation 

714  MHz 

Tilt  Angle 

20 

Radiation  Waist 

1.39  cm 

Ohmic  Q 

408000 

Diffraction  Q 

41000 

Total  Q 

37300 

Output  Coupling 

2% 

Interacting  Modes 

^4 

Interaction  Length  n 

14.8 

Table  3:  Summary  of  typical  output  resonator  parameters 

ror  edges,  where  q  is  approximately  120  in  the  present  configuration.  This  output  is 
collected  by  the  mirror  holders  and  transported  outside  the  magnet  dewar  to  the  rf 
diagnostics.  The  mirror  holders  are  mounted  using  three  precision  micrometers  so  that 
the  mirror  separation  and  alignment  can  be  adjusted  with  high  precision.  The  mirror 
separation  can  be  varied  between  20-28  cm  in  the  experiment,  although  most  of  the 
data  is  collected  at  a  separation  of  21  cm.  The  output  coupling  varies  from  1.5  to 
4.3%  over  this  range  of  mirror  separations,  and  allows  for  a  technique  to  optimize  the 
strength  of  the  rf  fields  in  the  resonator. 

The  number  of  interacting  modes  in  the  gyrotron  is  estimated  using  the  expression 

Nm  =  (56) 

where  d  is  the  mirror  separation  and  tq  is  the  radiation  waist.  This  expression  is 
derived  by  dividing  the  longitudinal  mode  spacing  (A/  =  c/2d)  into  the  interaction 
bandwidth.  The  resonator  parameters  for  the  gyroklystron  experiment  are  very  similar 
to  previous  resonators  used  in  120  GHz  gyrotron  experiments,  which  facilitates  a  direct 
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comparison  of  the  results.  The  separation  between  the  uptaper  and  drift  tube  must 
be  large  enough  so  that  the  surrounding  structure  does  not  interfere  with  the  mode  in 
the  open  resonator.  Cold  tests  indicate  that  1.7  radiation  waists  are  required  between 
a  nearby  obstruction  and  the  center  of  the  resonator  so  that  there  is  no  degradation  in 
Q.  The  gap  in  the  present  experiment  is  5.08  cm,  resulting  in  a  ratio  of  1.8.  The  length 
of  this  region  should  be  minimized  to  reduce  the  effect  of  space  charge  depression  as 
the  electrons  traverse  the  open  resonator.  It  should  be  noted  that  a  small  interaction 
between  the  resonant  mode  and  the  surrounding  structure  has  little  effect  on  Q  initially. 
The  quality  factor  will  be  reduced  by  a  factor  of  2  when  the  distance  to  the  obstruction 
is  approximately  1.3  radiation  waists. 

In  the  gyroklystron  experiment,  the  axis  of  the  output  resonator  is  tilted  by  2“ 
relative  to  the  plane  perpendicular  to  the  direction  of  beam  propagation.  It  has  been 
shown  theoretically  that  the  region  of  stable,  single-mode  operation  of  the  QOG  is 
dramatically  reduced  when  an  annular  electron  beam  is  used,  as  opposed  to  a  pencil 
beam[16].  Tilting  the  resonator  axis  by  a  few  degrees  allows  all  electrons  to  interact 
with  both  even  and  odd  longitudinal  modes,  which  increases  the  ability  of  the  working 
mode  to  suppress  competing  modes.  The  region  of  single-mode  operation  is  essentially 
increased  to  that  of  the  pencil  beam,  although  higher  electric  fields  are  required  in  the 
resonator  for  optimum  efficiency.  Nonlinear  mode  suppression  is  particularly  important 
in  the  present  experiment  to  demonstrate  techniques  such  as  mode  priming,  where  the 
beam  is  bunched  by  the  EIO  only  during  the  rise  of  the  voltage  pulse. 

The  operating  parameter  space  of  the  gyrotron  can  be  characterized  in  terms  of 
three  normalized  variables.  The  slow  time  scale  equations  of  motion  for  a  single  mode 
are  characterized  by  the  normalized  wave  amplitude  F,,  interaction  length  /x,  and 
detuning  A.  The  benefit  of  this  approach  is  that  the  transverse  efficiency  of  the  gyrotron 
can  be  plotted  as  a  function  of  F-fi  for  optimized  detuning.  The  normalized  variables 
for  a  quasioptical  gyrotron  operating  at  the  fundamental  cyclotron  frequency  are[15] 


In  the  above  equations,  Ec  is  the  electric  field  in  the  resonator,  Bq  is  the  axial  mag¬ 
netic  field,  and  Q  is  the  nonrelativistic  cyclotron  frequency.  A  pencil  electron  beam  is 
assumed  where  the  beam  is  placed  on  the  peak  of  the  standing  wave.  An  annular  beam 
is  used  in  the  experiment,  so  a  better  description  requires  averaging  the  efficiency  for 
each  electron  according  to  its  position  with  respect  to  the  standing  electric  field.  For 
a  beam  voltage  of  70  kV  and  a  pitch  angle  of  1.5,  the  normalized  interaction  length  is 
14.8,  which  is  typical  of  recent  QOG  experiments.  One  drawback  to  the  above  formu¬ 
lation  is  the  sensitivity  of  the  interaction  length  on  a.  Reducing  the  pitch  angle  to  1 
for  the  above  conditions  results  in  ^  =  8.4,  which  is  a  rather  large  variation. 

Accurate  alignment  of  the  mirrors  is  important  in  a  high-Q  Fabry- Perot- type  res¬ 
onator.  In  the  present  experiment,  the  mirrors  are  inAially  aligned  in  the  crossbore 
while  the  magnet  is  warm  using  a  pair  of  HeNe  lasers.  Due  to  the  small  clearance 
between  the  mirror  holder  and  crossbore,  these  two  pieces  come  into  contact  when  the 
magnet  is  cooled  to  cryogenic  temperatures.  However,  the  degradation  in  alignment 
is  on  the  order  of  0.2®.  From  the  cold  test  results  in  Figure  32,  a  3®  misalignment  is 
reqiiired  to  reduce  the  quality  factor  by  30%.  This  data  is  obtained  for  a  frequency  of 
94  GHz,  mirror  diameters  of  5.0  and  5-5  cm,  38.7  cm  radii  of  curvature,  and  a  mirror 
separation  of  23.8  cm.  Thus,  this  data  should  be  a  good  indication  of  the  sensitiv¬ 
ity  of  the  experimental  resonator  to  misalignment.  In  general,  poor  mirror  alignment 
can  have  a  dramatic  effect  on  the  interaction  efficiency,  so  care  must  be  taken  when 
translating  the  mirrors  over  large  distances  (several  cm). 
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B.  Millimeter- Wave  Diagnostics 


A  simplified  schematic  diagram  of  the  millimeter-wave  diagnostics  used  in  the  qua- 
sioptical  gyroklystron  experiment  is  shown  in  Figure  33.  A  modified  laser  calorimeter 
which  preferentially  absorbs  radiation  at  85  GHz  is  used  to  measure  the  average  power 
from  one  side  of  the  experiment.  Standard  W-band  waveguide  and  detectors  are  used 
to  monitor  the  output  pulse  from  the  gyrotron  and  the  input/output  signals  from  the 
prebunching  resonator.  A  unique  heterodyne  system  is  used  to  measure  the  frequency 
of  the  gyrotron  and  EIO,  and  also  functions  as  a  spectrum  analyzer.  Each  of  these  com¬ 
ponents  will  be  described  in  detail  in  this  section,  as  well  as  a  balanced  mixer /phase 
detector  which  is  used  in  the  amplifier  and  phase-locking  studies. 

The  average  power  from  the  experiment  is  monitored  using  a  commercially  available 
laser  calorimeter  from  Scientech  which  is  coc.ted  with  additional  absorbing  paint.  The 
incident  wave  is  absorbed  in  the  layer  of  lossy  paint  on  an  aluminum  surface,  where 
the  temperature  rise  of  the  surface  is  measured  by  thermopiles.  Several  lossy  coatings 
were  tested  during  fabrication  of  the  calorimeter  to  maximize  absorption  at  85  GHz, 
including  Aerodag  (graphite  suspended  in  alcohol),  solar  absorbing  paint,  and  Scientech 
Black  paint.  Scientech  Black  proved  to  have  the  highest  absorption  at  approximately 
90%,  where  the  absorption  of  the  paint  is  measured  as  a  function  of  coating  thickness. 

The  absorption  of  the  calorimeter  is  measured  using  the  cold  test  apparatus  de¬ 
picted  in  Figure  34.  The  BWO  source  between  75-110  GHz  is  used  to  radiate  the 
calorimeter  using  standard  WR-10  waveguide  components  and  standard  gain  horns, 
where  the  components  F  and  A  refer  to  a  frequency  meter  and  variable  attenuator, 
respectfully.  The  calorimeter  is  placed  in  the  far  field  of  the  horns,  and  the  incident 
and  reflected  signals  are  measured  as  the  angle  of  incidence  between  the  wave  and  the 
calorimeter  is  optimized.  The  maximum  reflection  from  the  calorimeter  is  then  com¬ 
pared  with  a  reference  reflection  from  a  circular  metal  plate  which  is  identical  in  shape 
to  the  calorimeter.  Absorbing  material  is  placed  around  the  calorimeter  surface  and 
the  reflecting  plate  to  minimize  spurious  reflections  due  to  edge  effects.  In  general, 
though,  the  spot  size  of  the  radiation  pattern  is  confined  to  the  center  of  the  plate  so 
that  the  fields  at  the  edge  are  small.  The  calorimeter  and  reference  plate  are  mounted 
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Figure  33:  Simplified  schematic 


the  millimeter- wave  diagnostics. 


using  a  3-D  translational  stage  and  another  pair  of  mounts  to  rotate  and  adjust  the  tilt 
of  the  surface.  An  accurate  measurement  of  the  reflection  requires  that  the  reference 
and  calorimeter  surfaces  have  the  same  position  with  respect  to  the  incident  electric 
field,  which  is  accomplished  by  varying  the  tilt  so  that  the  reflection  is  maximized. 

The  absorbtivity  of  the  calorimeter  is  measured  to  be  85%  at  frequencies  within  ±1 
GHz  of  85  GHz.  The  response  of  the  calorimeter  is  flat  as  a  function  of  frequency,  with 
the  absorption  remaining  near  90%  from  80-115  GHz,  which  is  quite  unexpected.  The 
calorimeter  coating  can  be  modelled  as  a  layer  lossy  material  on  a  metal  plate  with 
dielectric  constant  t  =  -  j(i-  Such  a  structure  shows  characteristic  resonant  behav¬ 

ior  where  the  reflection  from  the  surface  is  minimized  at  thicknesses  of  d  =  ^(n  -I-  5), 
where  Ae  is  the  wavelength  in  the  dielectric.  A  number  of  trial  calorimeter  coatings 
using  other  materials  did  exhibit  the  resonant  behavior  predicted  by  the  model.  Pos¬ 
sible  explanations  for  the  flat  absorption  response  of  the  Scientech  Black  paint  include 
dielectric  properties  which  vary  with  frequency  or  the  coating  cannot  be  described  as 
a  homogeneous  thin  film. 

Another  test  of  the  calorimeter  is  performed  using  the  ElO  operating  at  1.5  kW  and 
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Figure  34:  Gild  test  set-up  used  to  measure  calorimeter  absorption. 


a  0.5%  duty  factor.  The  absorbtivity  value  of  85%  is  confirmed  when  the  calorimeter 
is  radiated  using  the  EIO.  Varying  the  angle  of  incidence  of  the  radiation  with  respect 
to  the  calorimeter  surface  has  no  effect  on  the  measured  power  for  angles  up  to  45°.  It 
is  important  that  the  thickness  of  the  absorbing  paint  is  uniform  across  the  surface  of 
the  calorimeter,  or  else  the  absorption  will  vary  as  a  function  of  angle. 

The  output  frequencies  of  the  gyrotron  and  the  EIO  are  measured  using  the  hetero¬ 
dyne  system  shown  in  Figure  35.  The  input  rf  signal  is  beat  against  the  output  from  a 
frequency-locked,  YIG-tuned  local  oscillator  (LO)  in  a  W-band  harmonic  mixer.  The 
intermediate  frequency  (IF)  is  directed  through  one  of  several  bandpass  filters  centered 
at  160  MHz.  The  resulting  signal  is  amplified  and  observed  on  an  oscilloscope  using  a 
standard  video  detector.  Thus,  different  longitudinal  modes  are  resolved  on  the  oscillo¬ 
scope  as  a  function  of  time  during  the  duration  of  the  volt^e  pulse.  The  intermediate 
frequency  is  related  to  the  input  frequency  via 

fiF  =  M/rf  -  nfLo)~  (60) 


For  example,  an  input  signal  at  85.0  GHz  and  a  harmonic  number  n  =  6  results  in  tb? 
two  frequencies  14.140  and  14.193  GHz  observed  on  the  oscilloscope.  The  separation 
between  these  beat  frequencies  is  ^/  =  320  MHz/n.  Any  second  harmonic  radiation 
present  in  the  output  will  be  characterized  with  a  different  harmonic  number  and  a 
smaller  Sf.  An  input  rf  signal  at  170  GHz  with  n  =  12  results  in  local  oscillator  fre- 
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Figure  35:  Schematic  diagram  of  the  heterodyne  system. 

quencies  of  14.153  and  14.180  GHz.  Another  technique  which  is  used  ;o  differentiate 
fundamental  from  second  harmonic  radiation  involves  using  a  section  of  cut-off  waveg¬ 
uide.  A  short  section  of  WR-03  (170-260  GHz)  heavily  attenuates  the  fundamental  but 
passes  the  170  GHz  signal  with  little  loss. 

Frequency  measurements  are  made  on  all  of  the  data  presented  in  this  work  on  the 
gyroklystron.  Subtle  changes  in  the  electron  beam  parameters  result  in  the  excitation 
of  different  longitudinal  modes  with  different  detuning  values.  Thus,  simply  monitoring 
the  calorimeter  is  not  sufficient  to  fully  understand  the  operation  of  the  tube  or  optimize 
performance.  Previous  experiments  on  the  QOG  were  often  forced  to  operate  without 
frequency  measurements  because  of  noise  generated  by  both  the  modulator  and  the 
electron  beam  that  coupled  into  the  heterodyne  circuit.  In  this  work,  the  noise  has 
largely  been  removed  through  modification  of  some  circuits  aind  careful  isolation  of 
all  heterodyne  components.  Thus,  heterodyne  measurements  tire  possible  even  during 
high  noise  conditions  such  as  depressed  collector  and  reflexing  electron  operation. 

The  heterodyne  is  also  used  to  mea  .ure  the  frequency  spectrum  of  the  gyroklystron 
and  the  EIO  as  a  function  of  tim''.  The  video  detector  immediately  before  the  oscil- 
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Figure  36;  Cold  test  apparatus  for  the  phase  detector. 


loscope  in  Figure  35  is  removed  so  that  a  signal  near  160  MHz  is  displayed  on  a  fast 
oscilloscope  (400  MHz).  The  frequency  is  measured  by  counting  rf  cycles  during  a  small 
portion  (200  nsec)  of  the  total  pulse.  This  is  a  powerful  technique  which  allows  85  GHz 
signals  to  be  measured  with  1  MHz  precision. 

An  85  GHz  balanced  mixer/phase  detector  is  used  to  measure  the  beat  frequency  or 
the  relative  phase  difference  between  the  input/output  signals.  Consider  first  the  case 
of  the  phase  detector,  where  the  cold  test  set-up  is  illustrated  in  Figure  36.  The  EIO 
signal  is  split  into  two  arms  using  a  directional  coupler,  then  recombined  on  the  phase 
detector.  As  the  phase  shifter  in  one  arm  is  varied,  the  output  of  the  phase  detector 
changes  according  to  =  sin  Ad>,  where  A<^  is  the  phase  difference  between  the  two 
signals.  The  input  signal  levels  into  the  mixer  ports  should  be  approximately  equal  to 
obtain  100%  variation  of  the  output  signal  as  the  phase  shifter  is  varied. 

Operation  in  the  balanced  mixer  mode  is  illustrated  in  Figure  37.  If  two  free- 
running  oscillator  frequencies  are  combined  on  the  mixer,  the  difference  frequency  is 
observed  on  the  output.  During  phase-locked  operation,  the  beat  frequency  is  zero  and 
the  output  of  the  mixer  is  related  to  the  relative  phase  difference  through  the  above 
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Figure  37:  Diagnostic  set-up  for  phase- locked  operation. 

relation.  In  the  experiment,  the  phase  shifter  is  remote  controlled  so  that  the  mixer 
output  is  observed  in  the  control  room  without  turning  off  the  gyrokJystron.  A  25  dB 
isolator  is  placed  after  the  EIO  to  prevent  the  drive  source  from  being  locked  by  the 
gyrotron.  The  EIO  signal  can  be  switched  into  the  load  so  that  the  beat  frequency  is 
observed  between  the  drive  source  and  the  gyrotron  in  the  absence  of  prebunching. 
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Chapter  V 

Experimental  Results 


A.  Beam  Alpha  Measurements 

The  pitch  ratio  of  the  beam  electrons  a  =  vx/v||  is  a  critical  parameter  in  gyro 
devices,  where  a  large  value  of  a  is  required  for  high  interaction  efficiency.  In  the  present 
experiment,  measured  values  of  a  using  the  capacitive  probes  are  compared  to  electron 
trajectory  simulations[51].  The  electron  gun  parameters  used  in  the  simulations  are 
summarized  in  Table  4,  where  the  beam  voltage  is  65.8  kV  and  the  current  is  6  A. 
The  positions  and  currents  of  the  magnetic  field  coils  are  supplied  to  the  code,  which 
accounts  for  space  charge  and  relativistic  effects,  as  well  as  the  self  magnetic  field  of  the 
electron  beam  in  the  azimuthal  direction.  The  geometry  of  the  simulations  is  given  in 
Figure  38  with  the  calculated  magnetic  field  in  the  gun  region,  where  the  mesh  size  is 
fixed  at  0.254  mm  in  the  code.  The  values  for  the  guiding  center  radius  and  the  Larmor 
radius  are  averaged  over  9  rays  and  are  provided  by  the  code.  The  magnetic  field  has  no 
taper  across  the  output  resonator  and  is  obtained  for  currents  of  49.6  and  49.3  A  in  the 
upper  and  lower  coils  of  the  superconducting  magnet.  The  magnetic  compression  ratio, 
BcavIBgunt  is  somewhat  lower  in  the  present  experiment  than  in  the  original  design 
of  the  gun.  There  is  no  gun  trim  coil  in  this  experiment,  so  the  compression  ratio  is 
essentially  fixed  and  the  beam  q  is  varied  by  adjusting  the  mod  anode  voltage  via  the 
resistive  divider.  The  mod  anode  voltage  can  be  written  Vmod  =  ycathi^B),  where  VD 
is  the  voltage  divider  setting.  Thus,  low  ratios  of  the  voltage  divider  correspond  to 
high  electric  fields  at  the  cathode  and  generally  larger  values  of  pitch  angle.  Adiabatic 
scaling  theory  can  be  used  to  write[53] 

=  ^^y/BfBgun,  (61) 

COg^n 

where  the  general  electric  field  dependence  is  clearly  seen. 

Figure  39  gives  a  comparison  between  the  measured  data  using  the  capacitive  probes 
and  values  calculated  from  electron  trajectory  simulations.  The  qualitative  agreement 
between  the  measured  and  calculated  values  for  a  is  quite  good.  Pitch  ratios  greater 
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Cathode  Voltage 

65.8  kV 

Cathode  Current 

6  A 

Resonator  Magnetic  Field 

34.18  kG 

Cathode  Magnetic  Field 

1.28  kG 

Magnetic  Compression 

26.8 

Magnetic  Field  Taper 

0% 

Gun  Position 

-51.5  cm 

Guiding  Center  Radius 

5.39  mm 

Larmor  Radius 

0.23  mm 

Table  4:  Electron  gun  parameters  for  simulations 

than  two  are  achievable  for  voltage  divider  settings  somewhat  less  than  80%.  The 
probe  capacitance  is  calculated  to  be  5.9  nF,  where  the  minimum  a  of  0.3  is  assumed 
in  the  calibration.  The  measured  data  are  somewhat  greater  than  the  simulations  in  the 
range  79-84%,  where  the  measured  data  tend  to  rise  nearly  linearly  with  mod  anode 
voltage.  The  capacitive  probes  indicate  no  reflecting  electrons  for  all  of  the  voltage 
divider  settings  in  this  data.  Reflexing  electrons  appear  as  an  increase  in  the  probe 
signal  accompanied  by  large  noise  fluctuations  during  the  flat-top  of  the  voltage  pulse. 
In  this  regime,  large  noise  signals  are  observed  on  all  of  the  scope  traces.  For  voltage 
divider  settings  below  77%,  the  operation  of  the  gun  becomes  unstable  and  arcing  will 
soon  occur.  The  discrepancy  between  the  two  sets  of  data  is  meaningless  for  a  <  0.5 
because  of  the  error  in  the  measurement  due  to  the  small  change  in  longitudinal  velocity 
in  this  region.  The  error  in  the  measurement  amounts  to  ±10%  for  a  ~  2  and  ±20% 
for  Q  ~  1.  The  general  conclusion  from  these  measurements  is  that  the  electron  beam 
is  more  than  sufficient  for  generating  millimeter  waves  in  the  gyroklystron  experiment. 
Also,  the  pitch  angle  of  the  beam  is  probably  not  responsible  for  the  low  efficiencies 
observed  in  previous  QOG  experiments  using  this  electron  gun  for  low  currents. 

The  velocity  spread  of  the  beam  can  be  important  in  both  gyrotrons  and  gy- 
roklystrons.  In  gyroklystrons,  velocity  spread  manifests  itself  by  reducing  the  phase 
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Figure  40:  Calculated  beam  quality  as  a  function  of  mod  anode  voltage  divider. 


bunching  of  the  electrons  in  the  drift  region,  causing  the  device  to  operate  with  a  smaller 
bunching  parameter.  In  the  quasioptical  gyroklystron,  very  large  velocity  spreads  will 
cause  the  device  to  operate  as  a  single- resonator  gyrotron,  where  the  prebunching  is 
completely  washed-out  in  the  drift  region.  A  small  velocity  spread  of  several  percent  is 
not  harmful  in  a  gyrotron  because  the  tube  operates  close  to  cut-off  so  that  =  0  and 
the  term  in  the  resonance  condition  is  relatively  small.  However,  it  has  been  shown 
theoretically  that  large  velocity  spreads  will  degrade  the  efficiency  of  the  gyrotron  even 
though  the  interaction  length  is  relatively  short. 

Figure  40  plots  the  simulation  results  for  the  average  a  and  the  spread  in  o  as 
a  function  of  mod  anode  voltage  divider  for  the  parameters  listed  above.  For  large 
electric  fields  at  the  cathode,  the  spread  in  pitch  angle  is  quite  large.  Thus,  it  may  be 
desirable  to  operate  at  slightly  lower  a  to  minimize  the  effects  of  velocity  spread.  The 
beam  optics/space  charge  are  also  poor  at  large  values  of  voltage  divider  settings,  even 
though  the  average  q  is  small.  Operation  at  higher  voltage  tends  to  produce  a  beam 
with  lower  velocity  spread,  since  the  gun  was  originally  designed  for  80  kV,  35  A,  and 
a  magnetic  compression  of  30. 
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Figure  41;  /3||  as  a  function  of  mod  anode  voltage  at  13  A. 

Measuring  the  beam  a  at  higher  current  provides  some  interesting  information  on 
the  prebunching  resonator.  Figure  41  shows  the  measured  longitudinal  velocity  ratios 
for  the  lower  and  upper  capacitive  probes,  where  the  lower  (upper)  probe  is  placed 
immediately  before  (after)  the  input  resonator.  The  two  measurements  agree  for  mod 
anode  settings  between  82-86%,  where  variations  above  88%  axe  due  to  the  accuracy 
of  the  measurement.  However,  there  is  a  large  disagreement  for  voltage  divider  settings 
less  than  81.5%,  where  the  lower  probe  consistently  gives  a  smaller  velocity  ratio.  The 
accuracy  of  the  measurement  is  within  ±10%  in  this  region,  so  the  difference  between 
the  probes  is  genuine. 

The  different  measured  values  of  /?||  before  and  after  the  input  resonator  are  ex¬ 
plained  by  considering  oscillations  in  the  prebuncher.  At  a  voltage  divider  setting  of 
81.5%,  the  beam  a  is  large  enough  to  start  osciUations  at  a  current  of  13  A.  The  funda¬ 
mental  TEMoo  mode  at  85.55  GHz  is  observed  in  tiie  input  resonator  using  a  detector 
and  the  heterodyne  to  monitor  the  signal  from  the  prebuncher.  As  the  voltage  divider 
is  lowered,  the  average  a  of  the  beam  increases  as  does  the  amplitude  of  the  prebuncher 
osciUations.  The  kinetic  energy'  of  the  particles  is  (7  -  l)mc^,  so  that  the  interaction 
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efficiency  in  the  input  resonator  can  be  written 


V  = 


Hi -y 


(62) 


In  this  equation,  y  denotes  the  average  over  all  electrons  and  the  subscripts  refer 
to  the  initial  and  final  relativistic  mass  factors.  The  electron  beam  is  assumed  to 
be  monoenergetic  when  it  enters  the  prebunching  resonator,  which  should  be  a  valid 
assumption  in  the  present  discussion.  For  mildly  relativistic  beams,  7  -  1  <  1  and  the 
change  in  the  mass  factor  is  small  for  reasonable  values  of  interaction  efficiency.  For 
example,  a  109t  efficiency  in  the  prebunching  resonator  results  in  only  a  2%  change  in 
7  for  a  70  kV  electron  beam.  The  longitudinal  velocity  ratio  is  expressed 


^11- 


(63) 


where  the  mass  factor  can  be  approximated  as  a  constant  before  and  after  the  pre¬ 
bunching  resonator.  The  difference  between  the  upper  and  lower  longitudinal  velocity 
ratios  is  now  _ 

where  the  subscripts  refer  to  the  lower  and  upper  capacitive  probes. 

A  plot  of  the  measured  a  versus  mod  anode  voltage  divider  is  given  in  Figure 
42  for  a  beam  current  of  13  A.  Also  shown  are  the  results  of  the  electron  trajectory 
simulations  assuming  a  beam  voltage  of  65.8  kV  and  a  m2ignetic  field  of  34.18  kG  at  the 
center  of  the  output  resonator.  As  predicted,  the  measured  values  for  a  from  the  upper 
probe  are  considerably  lower  than  the  values  immediately  preceding  the  prebuncher 
after  the  onset  of  oscillations.  The  lower  values  for  o  are  attributed  to  oscillations 
in  the  prebunching  resonator,  which  lowers  the  average  perpendicular  energy  of  the 
beam.  The  measured  pitch  ratios  are  somewhat  greater  than  the  calculated  values 
in  the  range  of  voltage  divider  settings  between  79-86%,  which  is  consistent  with  the 
previous  results  at  6  A. 

Qualitatively,  the  data  from  Figure  42  appears  correct:  the  average  o  of  the  beam 
decreases  due  to  the  oscillations  in  the  prebunching  resonator.  However,  the  mea¬ 
sured  decrease  in  average  pitch  angle  is  too  large  for  the  relatively  low  (5%)  efficiencies 
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Figure  42:  Measured  and  calculated  a  as  a  function  of  mod  anode  voltage  at  13  A. 

measured  in  the  experiment  in  the  input  resonator.  Consider  the  case  where  a  mo- 
noenergetic  electron  beam  passes  through  a  resonator  and  loses  energy  according  to 
Eq.  (62).  The  longitudinal  momentum  of  the  electrons  is  conserved  during  the  gy- 
rotron  interaction  so  that  =  1717 /3jC  =  constant.  The  resulting  q  at  the  exit  of  the 
resonator  is  calculated  using  the  new  values  for  7  and  p^.  Figure  43  shows  the  initial 
and  final  values  for  a  as  a  function  of  interaction  efficiency  for  a  70  kV  beaim.  For  an 
initial  pitch  angle  of  2,  a  40%  interaction  efficiency  is  required  to  reduce  the  average 
Q  to  1.4.  This  is  the  reduction  in  a  observed  in  the  experiment  using  the  capacitive 
probes  after  the  input  resonator  begins  oscillating. 

A  possible  explanation  for  the  large  measured  variation  in  pitch  angle  is  energy 
spread  of  the  beam  due  to  oscillations  in  the  prebunching  resonator.  Although  the 
average  7  of  the  beam  is  reduced,  there  js  a  relatively  large  energy  spread  of  several 
percent  since  some  electrons  lose  energy  and  some  gain  energy.  The  orbits  of  the 
electrons  also  change  according  to  their  larmor  radii.  It  is  likely  that  a  spread  in 
7  and  Q  can  cause  variations  in  the  upper  capacitive  probe  signal  after  the  onset  of 
oscillations. 
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Figure  44  shows  measured  and  calculated  values  of  pitch  angle  as  the  cathode 
voltage  is  varied,  between  20-80  kV.  The  mod  anode  voltage  divider  is  fixed  at  82.5% 
for  all  of  the  data,  the  magnetic  field  is  33.42  kG  at  the  output  resonator,  and  the 
beam  current  is  approximately  constant  at  4  A.  The  measured  voltage  divider  setting 
is  82.44%  under  these  conditions,  so  that  there  is  little  uncertainty  in  the  cathode  and 
mod  anode  voltages.  For  low  voltages  near  20-30  kV,  the  measured  data  agree  with  the 
electron  trajectory  simulations.  However,  cathode  voltages  of  55-75  kV  consistently 
produce  pitch  angles  greater  than  the  calculated  values.  This  behavior  is  consistent 
with  the  earlier  measurements  where  the  cathode  voltage  was  fixed  and  the  mod  anode 
voltage  varied.  In  all  cases  there  is  a  greater  sensitivity  to  voltage  than  the  simulation 
predicts.  Varying  the  cathode  voltage  over  this  range  is  an  indication  of  how  a  varies 
during  the  rise  of  the  voltage  pulse. 

One  explanation  for  the  discrepancy  between  the  measured  and  calculated  values 
of  Q  would  be  a  systematic  error  in  the  cathode  or  mod  anode  voltage  measurement. 
The  voltage  monitors  were  independently  calibrated  several  times  over  a  period  of  six 
months  and  the  measured  variation  was  less  than  0.5%.  The  accuracy  of  the  measure- 
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Figure  44:  Measured  and  calculated  q  as  a  function  of  cathode  voltage. 

ment  is  approximately  0.2%,  which  is  much  less  than  the  difference  suggested  in  the  q 
measurements.  A  more  likely  explanation  for  the  discrepancy  is  that  there  axe  some 
differences  between  the  model  and  the  experiment  that  are  not  presently  included  in 
the  simulations.  Note  that  the  same  type  of  behavior  is  observed  when  comparing  the 
measured  and  simulation  values  for  a  in  the  MIT  140  GHz  gyrotron  tube[53].  For  ex¬ 
ample,  pitch  angles  of  q  =  2.1  are  measured  prior  to  saturation,  whereas  the  simulation 
gives  Q  =  1.5.  Possible  improvements  to  the  code  include  modelling  the  self  magnetic 
field  of  the  beam  in  the  longitudinal  direction  and  a  denser  mesh  near  the  electron 
beam. 

As  the  average  pitch  angle  of  the  electrons  increase,  the  outer  electrons  move  closer 
to  the  wall  of  the  uptaper  due  to  their  larger  Larmor  radii.  Figure  45  plots  intercepted 
current  as  a  function  of  cathode  voltage  for  the  conditions  described  in  the  previous 
figure.  The  trim  coil  current  is  190  A,  which  results  in  98%  of  the  beam  collected  in  the 
colle'.tor  for  low  cathode  voltages.  The  2%  difference  between  the  cathode  and  collector 
current  monitors  is  probably  due  to  ground  noise  in  the  experiment  that  shows  up  on 
the  collector  monitor.  At  a  beam  voltage  of  40  kV,  the  intercepted  current  begins  to 
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increase,  with  a  corresponding  pitch  angle  of  0.8.  By  70  kV,  over  10%  of  the  current  is 
collected  on  the  uptaper  and  fails  to  reach  the  collector.  Increasing  the  collector  trim 
coil  current  allows  nearly  all  of  the  beam  to  pass  the  uptaper  and  enter  the  collector. 
Maximizing  the  collector  current  is  important  in  depressed  collector  studies  so  that  the 
peak  collector  efficiency  may  be  achieved. 
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Cathode  Voltage  (kV) 

Figure  46:  Efficiency  of  the  free-running  oscillator  versus  beam  voltage. 

B.  Mode  Priming  By  Prebunching  the  Beam 

In  order  to  understand  mode-primed  operation  of  the  gyroklystron  using  the  EIO, 
first  consider  the  behavior  of  the  free-running  oscillator.  Figure  46  shows  measured 
values  of  efficiency  and  frequency  for  a  current  of  3.5  A  as  the  beam  voltage  is  varied. 
The  measured  values  for  a  are  approximately  1.6  for  this  data  and  are  obtained  for  a 
voltage  divider  setting  of  83.5%.  Similar  powers  and  efficiencies  are  obtained  for  lower 
mod  2mode  settings  and  higher  pitch  angles.  The  capacitance  between  the  cathode 
and  mod  anode  is  1.25  nF,  which  results  in  the  mod  einode  voltage  closely  following 
the  cathode.  Under  these  conditions,  q  reaches  its  peak  at  the  leading  edge  of  the 
voltage  flat-top  and  is  constant  during  the  duration  of  the  13  psec  pulse.  This  behavior 
is  verified  by  observing  the  output  radiation  pulse  shape,  where  a  flat  detector  signal 
indicates  that  o  is  constant  during  the  pulse.  The  capacitive  probes  in  the  drift  tube 
give  similar  results. 

For  a  voltage  of  65.5  kV,  mode  skipping  is  observed  between  the  82.82  GHz  and 
82.08  GHz  modes.  The  term  mode  skipping  refers  to  the  case  where  the  output 
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frequency  varies  on  a  pulse-to-pulse  basis  but  is  single-moded  during  any  one  pulse. 
The  frequency  separation  between  these  neighboring  longitudinal  modes  is  740  MHz, 
which  is  consistent  with  a  mirror  separation  of  approximately  20.5  cm.  For  higher 
voltages,  the  lower  frequency  mode  is  present  for  100%  of  the  pulses  and  the  efficiency 
increases  monotonically  with  voltage.  This  is  due  to  the  increased  frequency  detuning 
between  the  rf  field  and  the  electrons,  which  can  be  written  ^  =  i  —  -0.  where  Q 

ijJ  ‘>W 

is  the  nonrelativistic  cyclotron  frequency.  A  peak  efficiency  of  11.5%  is  obtained  for 
this  mode  at  a  voltage  of  72  kV.  As  the  voltage  is  further  increased,  mode  skipping 
begins  between  the  desired  mode  and  another  lower  frequency  longitudinal  mode  at 
81.32  GHz.  At  a  voltage  of  75  kV,  100%  of  the  pulses  are  in  the  low  frequency,  low 
efficiency  mode.  Further  increases  in  voltage  cause  the  process  to  repeat,  where  the 
81.32  GHz  mode  peaks  in  efficiency  and  is  then  overtaken  by  a  low  frequency  mode. 

One  of  the  most  remarkable  aspects  of  the  operation  of  the  gyroklystron  is  that  the 
output  is  single-moded  even  though  the  longitudinal  mode  density  is  high.  Analysis 
of  the  output  radiation  using  the  heterodyne  diagnostic  reveals  that  only  a  single  lon¬ 
gitudinal  mode  is  present  even  at  the  highest  powers.  This  is  in  contrast  to  all  other 
QOG  experiments  with  large  mirror  separation  [17,13,55],  where  the  output  was  always 
multimoded  at  high  power.  Data  obtained  in  this  experiment  consistently  and  repro- 
ducibly  yields  single-mode  output  at  the  highest  powers  and  efficiencies  over  a  wide 
range  of  parameters.  Several  explanations  for  this  behavior,  which  is  highly  desirable 
for  nearly  all  applications,  will  be  discussed  in  the  next  chapter. 

A  typical  millimeter-wave  pulse  from  the  detector  is  shown  in  Figure  47  with  the 
voltage  waveform  for  reference.  The  duration  of  the  free-running  osciUator  pulse  is 
essentially  that  of  the  voltage  flat-top.  As  the  cathode  voltage  is  raised  to  where  an 
efficiency  maximum  occurs,  the  ripples  on  the  radiation  pulse  saturate  so  that  a  very 
flat  pulse  is  obtained.  The  rise  time  of  the  85  GHz  signals  is  ~  0.2  /rsec,  as  opposed 
to  the  4  /isec  rise  of  the  voltage  pulses.  The  efficiency  is  calculated  by  measuring  the 
average  power  and  dividing  by  the  pulse  repetition  rate  and  the  measured  FWHM  of 
the  detector  trace. 

The  calculated  longitudinal  mode  density  of  the  output  resonator  is  shown  in  Figure 
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Figure  47;  Output  pulse  shape  of  the  free-runriing  oscillator. 


48  in  terms  of  the  starting  currents.  The  magnetic  field  is  34.18  kG,  the  beam  a  is 
1.5,  and  the  resonator  parameters  are  those  listed  in  Table  3.  The  TEMoo^  modes  are 
identified  by  the  longitudinal  mode  index  q,  where  the  mirror  separation  is  d  =  20.7 
cm  and  q  satisfies  qX/2  =  d.  The  theory  predicts  minimum  starting  currents  for  all 
modes  of  approximately  0.5  A,  where[4] 


“  — iTTi — ]/(— ^o)-  (65) 

HV  tno2  I  u  w 

Here,  V),  is  the  beam  voltage  in  volts  and  =  2Trwm/^0z  is  the  normalized  interaction 

length  for  an  annular  beam  in  an  untilted  resonator.  Tilting  the  resonator  changes  the 

starting  current  in  two  ways.  First,  the  electron  beam  exchanges  energy  with  only  one 

component  of  the  travelling  wave  in  the  resonator,  which  reduces  the  electric  field  and 

tends  to  increase  the  starting  current.  Second,  all  of  the  electrons  in  the  annular  beam 

now  interact  with  the  wave  fields,  which  decreases  the  starting  current.  For  a  rough 


estimate,  simply  consider  the  expression  for  the  starting  current  with  no  tilt.  The 
minimum  starting  current  is  obtained  for  a  detuning  ^  where  >  1  in  most 

instances.  Even  for  beam  currents  of  only  3.5  A,  there  axe  3-4  modes  which  are  above 
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the  starting  current  in  the  output  resonator.  Thus,  mode  competition  is  an  important 
issue  and  multimode  operation  may  occur.  However,  Figure  48  yields  no  information 
on  the  nonlinear  behavior  of  the  gyrotron,  where  it  is  possible  for  the  working  mode  to 
nonlinearly  suppress  competing  modes. 

FYee-running  oscillator  operation  has  been  characterized  over  a  wide  range  of  ex¬ 
perimental  parameters  in  the  present  work,  including  currents  up  to  15  A,  voltages 
of  60-80  kV,  pitch  angles  from  0.5-2.0,  various  magnetic  fields,  and  different  mirror 
separations.  A  general  result  is  that  the  output  is  single  moded  and  the  maximum 
efficiency  is  '^<13%  and  is  obtained  at  the  maximum  frequency  detuning  for  a  particular 
longitudinal  mode.  As  the  voltage  is  increased  further,  mode  skipping  occurs  between 
the  desired  mode  and  a  low  frequency  mode  osdllating  at  low  efficiency.  The  output  of 
the  gyroklystron  is  single-moded,  and  this  fact  does  not  depend  upon  above-mentioned 
parameters.  It  is  interesting  to  note  that  the  maximum  efficiency  observed  in  this 
free-running  oscillator  work  similar  to  previous  data  obtained  on  a  high  power  QOG 
operating  at  120  GHz.  Thus,  the  general  operation  of  the  gyroklystron  is  consistent 
with  results  from  past  single- resonator  experiments.  However,  past  results  were  for 
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Figure  49:  Efficiency  versus  voltage  for  EIO  mode  priming  operation. 


multimode  efficiencies,  whereas  this  experiment  is  single- moded. 

An  example  of  the  benefit  of  EIO  mode  priming  is  shown  in  Figure  49,  where 
efficiency  is  plotted  as  a  function  of  beam  voltage.  The  open  points  are  free-running 
oscillator  data  and  the  closed  squares  correspond  to  EIO  mode-primed  results.  The 
beam  current  is  2.5  A  and  the  mirrors  are  adjusted  so  that  the  output  frequency  is 
close  to  the  prebuncher  frequency.  For  the  free-running  oscillator  case,  the  maximum 
efficiency  of  8.5%  is  achieved  at  voltage  of  62.2  kV.  Further  increases  in  cathode  voltage 
cause  mode  skipping  between  the  working  mode  and  a  low  efficiency  mode  oscillating 
at  84.813  GHz.  At  a  cathode  voltage  of  64  kV,  mode  priming  is  initiated  by  injecting 
the  2  fisec  EIO  pulse  at  85.55  GHz  during  the  4  fisec  rise  of  the  voltage  pulse.  Now  the 
desired  mode  is  excited  for  100%  of  the  pulses  and  the  efficiency  increzises.  A  maximum 
efficiency  of  14.9%  is  measured  for  a  cathode  voltage  of  66  kV,  which  is  well  above  the 
maximum  voltage  for  this  mode  during  free-running  oscillator  operation.  Thus,  EIO 
mode  priming  allows  operation  at  higher  detuning  and  higher  efficiency  than  obtained 
in  the  free-running  oscillator  regime. 

At  a  beam  voltage  of  66.5  kV,  the  efficiency  of  the  high  frequency  mode  begins  to 
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Figure  50;  Detector  pulse  showing  mode  competition  between  two  modes.  The  high 
frequency  mode  turns  on  first  but  is  overtaken  by  the  low-frequency  mode  (5 /isec/di\  ). 

fall  due  to  mode  competition.  Approximately  half-way  through  the  pulse,  the  S4.S1 
GHz  mode  overtakes  the  desired  mode  and  suppresses  it.  This  is  an  interesting  feature 
of  mode  primed  operation  that  is  qualitatively  different  from  free-running  oscillator 
results.  Previously,  mode  skipping  occurred  when  the  voltage  was  raised  too  high  for 
a  particular  mode.  In  mode  priming,  though,  the  desired  mode  turns  on  at  the  leading 
edge  of  the  voltage  pulse,  but  is  eventually  suppressed  by  the  low  frequency  competing 
mode.  .\n  oscilloscope  trace  of  this  behavior  is  shown  in  Figure  50.  where  the  85.54 
GHz  mode  is  present  for  the  first  half  of  the  pulse  and  the  84.81  GHz  mode  overtakes 
it.  .Notice  that  the  transition  from  one  mode  to  the  next  occurs  on  a  relatively  short 
time  scale  (~  0.5  ^sec). 


The  general  behavior  of  the  mode-primed  oscillator  is  understood  as  follows.  During 
free- running  operation,  the  rf  fields  in  the  output  resonator  evolve  from  noise  generated 
by  the  beam.  The  noise  bandwidth  is  on  the  order  of  the  gyrotron  interaction  band¬ 
width  of  several  percent,  and  is  filtered  into  narrow  resonances  by  the  high-Q  output 
resonator.  If  the  frequency  detuning  becomes  too  large  for  a  particular  mode,  a  low 
frequency,  less  detuned  mode  can  have  a  higher  linear  growth  rate.  This  mode  can  then 
grow  to  saturation  and  nonlinearly  suppress  the  desired  mode.  By  injecting  the  EIO 
signal  into  the  prebuncher,  the  beam  is  modulated  at  85.55  GHz  so  that  this  mode’s 
initial  amplitude  is  much  greater  than  the  competing  modes.  The  85.55  GHz  mode  now 
has  a  head  start  so  that  it  reaches  saturation  first  and  effectively  suppresses  satellite 
modes.  In  the  high  detuning,  mode  competition  regime,  the  low  frequency  mode  is 
destabilized  and  is  able  to  grow  and  ultimately  suppress  the  desired  mode.  Thus,  we 
see  that  the  initial  conditions  play  an  important  role  in  determining  the  steady  state 
of  the  oscillator. 

Using  the  EIO  to  mode  prime  the  gyroklystron  results  in  higher  efficiencies  due 
to  the  higher  obtainable  frequency  detuning  between  the  rf  fields  and  the  electrons 
(Aw/w  =  1  —  fl/7w).  Figure  51  plots  efficiency  as  a  function  of  frequency  detuning  for 
the  data  presented  in  Figure  49.  The  detuning  is  calculated  using  a  space  charge  correc¬ 
tion  factor  for  an  annular  beam  traversing  on  open  resonator.  The  voltage  depression 
can  be  written 


AV  = 


(66) 


25r€oc/3|( 

where  Vgap  is  half  the  distance  between  the  drift  tube  and  uptaper,  Tg  is  the  guiding 
center  radius  of  the  electron  beam,  and  AU  is  in  Volts.  For  example,  a  6  A  beam  at  70 
kV  and  a  =  1.5  is  depressed  2.1  kV  «is  it  traverses  the  open  resonator.  This  equation  is 
an  approximation,  although  there  is  only  a  logarithmic  dependence  of  the  space  charge 
depression  with  wall  radius.  The  space  charge  depression  can  be  viewed  as  potential 
energy  of  the  beam  which  is  not  available  for  any  type  of  rf  interaction. 

The  majdmum  detuning  of  the  free-running  oscillator  is  3.2%,  above  which  the 
efficiency  drops  and  mode  skipping  occurs.  EIO  mode  priming  allows  for  operation 
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Figure  51;  Efficiency  versus  frequency  detuning  with  EIO  mode  priming. 

at  detunings  up  to  3.8%  for  this  case,  where  the  efficiency  is  relatively  constant  near 
the  peak  detuning.  The  longitudinal  mode  separation  is  written  A// /  =  A/2d,  which 
results  in  0.86%  frequency  separation  for  a  mirror  separation  of  20.5  cm.  Thus,  the 
benefit  of  the  mode  priming  under  these  experimental  conditions  is  on  the  order  of  one 
longitudinal  mode  in  the  output  resonator. 

In  most  cases,  EIO  mode  priming  is  used  to  operate  at  higher  voltage  and  cor¬ 
responding  higher  detuning  to  increase  the  interaction  efficiency  of  the  gyroklystron. 
However,  mode  priming  can  also  be  implemented  at  low  detuning  values  to  select  the 
weaker  of  two  modes.  This  behavior  is  seen  in  Figure  52,  where  mode-primed  and 
free-running  efficiencies  are  plotted  as  a  function  of  voltage  for  a  beam  current  of  4.5 
A.  The  voltage  divider  is  now  82.5%,  which  is  1%  less  than  the  setting  in  the  previous 
data  at  6  A.  The  two  open  data  points  indicate  the  limit  of  free-running  oscillator  op¬ 
eration  for  the  85.56  GHz  mode  in  the  output  resonator.  Application  of  the  2  fisec  EIO 
signal  at  85.55  GHz  during  the  rise  of  the  voltage  pulse  primes  the  gyroklystron  to  run 
in  the  desired  mode  both  above  and  below  the  free-running  oscillator  limits.  Without 
priming,  the  gyrotron  operates  in  the  next  higher  frequency  longitudinal  mode  at  low 
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voltage,  which  is  more  efficient  than  the  85.56  GHz  mode. 

The  efficiency  is  plotted  versus  frequency  detuning  in  Figure  53  for  the  experimental 
conditions  described  above  at  a  beam  current  of  4.5  A.  A  minimum  detuning  of  2.3% 
is  obtained  for  the  priming  case,  which  is  somewhat  less  than  the  2.5%  detuning  for 
the  free-running  osciUator.  The  efficiency  rises  monotonically  with  detuning  up  to  a 
maximum  of  t/  =  16.5%  for  ^  =  3.3%  under  mode  priming  operation.  At  higher 
detunings,  mode  competition  commences  between  the  desired  mode  and  the  next  lower 
frequency  longitudinal  mode.  Measured  values  for  q  are  plotted  for  three  voltage 
divider  settings  in  Figure  54.  The  measured  pitch  ratio  of  the  electrons  rises  nearly 
linearly  with  cathode  voltage  to  some  peak  value  and  then  saturates,  which  has  been 
observed  by  other  workers[53]. 

Mode  priming  the  gyroklystron  is  successful  when  the  prebunching  of  the  electron 
beam  is  much  larger  than  the  noise  present  during  the  start-up  of  oscillations  in  the 
output  resonator.  Thus,  the  priming  phenomenon  does  not  sensitively  depend  upon 
the  frequency  of  the  EIO  drive  signal  in  the  prebunching  resonator.  Consider  a  mode 
priming  case  where  the  beam  current  is  3  A,  the  magnetic  field  is  33.42  kG,  and  the 
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Figure  54:  Alpha  versus  cathode  voltage  for  three  voltage  divider  settings. 
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mod  <utode  voltage  divider  setting  is  80.5%.  The  average  q  of  the  beam  is  measured 
as  1.9,  and  the  mode-primed  efficiency  is  16.3%.  Initially,  the  gyroklystron  is  driven 
near  the  resonant  frequency  of  85.55  GHz  in  the  prebunching  resonator.  The  frequency 
of  the  EIO  is  mechanically  tuned  to  higher  and  lower  frequencies  to  observe  when  the 
mode  priming  fails.  The  frequency  limits  are  measured  as  -f-460  MHz  and  -330  MHz, 
where  the  free-running  gyrotron  operates  in  the  next  lower  longitudinal  mode  in  both 
cases.  The  quality  factor  of  the  input  resonator  is  Q  =  2000,  so  that  the  FWHM  of  the 
resonance  is  approximately  43  MHz  and  the  mode  separation  in  the  prebuncher  is  2.14 
GHz  for  the  mirror  separation  of  7  cm.  Tuning  the  EIO  over  such  a  large  frequency 
range  (400  MHz)  results  in  much  smaller  coupling  to  the  mode  in  the  input  resonator, 
which  is  measured  to  be  16  dB  down  from  the  coupling  value  at  the  resonant  frequency. 

Consider  first  the  low  frequency  mode  priming  limit.  The  longitudinal  mode  sep¬ 
aration  in  the  output  resonator  is  measured  as  750  MHz  between  the  85.56  and  84.81 
GHz  modes.  When  the  EIO  frequency  is  85.56  GHz,  the  high  frequency  mode  is  given 
an  initial  advantage  in  the  output  resonator  due  to  the  prebunched  current.  When  the 
EIO  frequency  is  lower  by  approximately  375  MHz,  both  of  the  neighboring  longitudi¬ 
nal  modes  are  equally  excited  in  the  output  resonator.  However,  the  84.81  GHz  mode 
has  a  lower  detuning  and  a  higher  linear  growth  rate,  so  that  it  can  grow  to  saturation 
and  suppress  the  desired  mode.  This  is  exactly  what  is  observed  in  the  experiment, 
where  the  low-frequency  priming  limit  is  measured  as  330  MHz. 

The  high  frequency  mode  priming  limit  is  somewhat  more  complicated.  When  the 
EIO  is  tuned  upwards  in  frequency  by  approximately  375  MHz,  the  85.56  and  86.29  GHz 
modes  are  equally  excited  in  the  output  resonator.  The  high  frequency  longitudinal 
mode  has  a  large  detuning  and  a  smaller  linear  growth  rate,  so  this  mode  is  unable 
to  suppress  the  85.56  GHz  mode.  The  measured  priming  limit  is  460  MHz,  which  is 
indeed  greater  than  half  the  longitudinal  mode  separation.  The  upper  priming  limit 
may  be  due  to  a  three-mode  interaction,  where  the  86.29  GHz  mode  destabilizes  the 
84.81  GHz  mode  so  that  it  grows  and  mode  competition  occurs.  The  conclusion  from 
these  measurements  is  that  the  mode  priming  limits  are  approximately  one  half  the 
lon^tudinal  mode  separation  in  the  output  resonator  and  qualitatively  agree  with  the 
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fundamentals  of  mode  priming. 

When  the  frequency  detuning  for  a  particular  mode  is  increased  past  its  maximum 
during  mode  priming,  mode  competition  occurs  between  the  desired  mode  and  a  low 
frequency  competing  mode.  However,  the  leading  portion  of  the  output  pulse  is  still 
primed  to  run  in  the  desired  mode.  As  an  example,  consider  the  case  with  a  beam 
current  of  6  A,  a  mod  anode  voltage  divider  of  82.5%,  and  a  measured  pitch  ratio  of 
1.8.  The  priming  limit  for  the  85.59  GHz  mode  is  69.5  kV  for  a  magnetic  field  of  33.42 
kG  in  the  output  resonator.  The  frequency  detuning  is  3.76%  without  space  charge 
and  3.36%  with  the  space  charge  correction.  Above  69.5  kV,  the  84.89  GHz  mode 
overtakes  the  desired  mode  5  //sec  into  the  13  /'sec  voltage  pulse.  The  cathode  voltage 
can  be  increased  to  over  76.5  kV,  which  results  in  detunings  greater  than  4.5%  with  the 
space  charge  correction.  The  85.59  GHz  mode  lasts  for  approximately  2  //sec  at  this 
voltage,  after  which  the  low  frequency  modes  taxes  over.  Thus,  the  85.59  GHz  mode 
is  supported  for  detunings  more  than  1%  greater  than  the  mode  competition  limit. 

Mode  priming  the  gyroklystron  is  only  possible  while  the  amplitude  of  the  com¬ 
peting  longitudinal  modes  is  small.  Once  one  of  the  modes  has  grovn  in  amplitude, 
mode  priming  becomes  ineffective  in  determining  the  final  state  of  the  oscillator.  As 
an  example,  consider  the  experimental  conditions  where  the  beam  current  is  5  A,  the 
voltage  divider  is  82.5%,  and  the  average  q  of  the  beam  is  measured  to  be  1.8.  The 
maximum  operating  voltage  for  the  85.44  GHz  mode  is  71.6  kV,  where  the  magnetic 
field  is  33.42  kG.  The  detuning  at  this  voltage  is  3.63%,  where  the  space  charge  de¬ 
pression  across  the  output  resonator  is  taken  into  account.  If  the  EIO  pulse  is  injected 
into  the  prebuncher  after  the  voltage  flat-top  has  been  reached,  no  mode  priming  is 
observed.  Figure  55  shows  the  earliest  the  ElO  trigger  can  occur  and  still  prime  the 
85.44  GHz  mode  in  the  output  resonator.  The  EIO  pulse  is  1.4  //sec  before  the  leading 
edge  of  the  13  //sec  voltage  pulse,  which  corresponds  to  a  cathode  voltage  of  67  kV. 
Thus,  the  cathode  voltage  is  6%  lower  than  its  final  value,  with  a  frequency  detuning 
of  2.9%  at  this  point.  Moving  the  EIO  earlier  in  the  voltage  rise  causes  the  mode  prim¬ 
ing  to  fail  and  the  lower  frequency  mode  is  excited  for  100%  of  the  pulses.  The  EIO 
pulselength  can  be  shortened  to  100  nsec  and  the  priming  is  still  effective  in  exciting 
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Figure  55:  EIO  position  for  mode  priming  during  rise  of  the  voltage  pulse. 

the  desired  mode.  However,  the  ability  to  mode  prime  at  these  short  drive  pulsewidths 
depends  critically  on  the  position  of  the  EIO  signal  within  the  rise  of  the  voltage  pulse. 
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C.  Alpha  Priming 


In  the  previous  section,  it  was  demonstrated  that  the  initial  amplitudes  of  the 
modes  in  the  output  resonator  play  an  important  role  in  determining  the  final  state 
of  the  oscillator.  Thus,  mode  selection  can  be  accompUshed  by  preferentially  exciting 
one  of  these  modes  by  prebunching  the  beam  at  the  desired  frequency  during  the  rise 
of  the  voltage  pulse.  In  this  section,  a  new  technique  is  described  to  achieve  high 
detunings  and  high  efficiencies,  which  is  denoted  ..c  alpha  priming.  Alpha  priming 
is  accomplished  by  controlling  the  evolution  of  a  during  the  rise  of  the  voltage  pulse, 
which  has  been  discussed  by  a  number  of  authors  as  a  method  of  exciting  the  desired 
mode  in  a  cavity  gyrotron[56]. 

During  free-running  and  EIO  mode- primed  operation,  the  mod  anode  voltage  closely 
follows  the  cathode  voltage.  This  results  in  a  reaching  its  maximum  on  the  leading 
edge  of  the  flat-top  of  the  voltage  pulse  and  remaining  constant  for  the  duration  of  the 
13  user  pulse.  This  is  verified  experimentally  by  observing  the  radiation  pulse  sh£q>e 
on  the  output  detector,  where  a  flat  pulse  is  indicative  of  a  constant  a.  The  rf  pulse 
shape  is  square  and  begins  on  the  leading  edge  of  the  cathode  voltage  pulse.  In  the 
alpha-priming  regime,  the  cathode-mod  anode  capacitance  is  lowered  so  that  the  mod 
anode  voltage  rises  more  slowly  with  respect  to  the  cathode,  causing  q  to  rise  more 
rapidly.  The  pitch  angle  now  reaches  its  maximum  during  the  rise  of  the  voltage  pulse, 
just  before  the  flat-top  of  the  cathode  voltage.  This  rapid  rise  of  a  during  the  evolu¬ 
tion  of  the  longitudinal  modes  has  an  important  consequence.  There  is  now  enough 
perpendicular  energy  in  the  beam  to  excite  a  mode  at  slightly  lower  voltage  and  lower 
detuning.  By  the  time  the  voltage  has  reached  the  flat-top,  this  mode  has  grown  and 
now  is  highly  detuned.  If  this  mode  is  stable,  it  will  nonlinearly  suppress  competing 
modes  and  dominate  the  spectrum.  This  results  in  a  higher  frequency  longitudinal 
mode  which  operates  at  high  efficiency,  which  is  what  is  observed  in  the  experiment. 
It  should  be  stressed  that  alpha  priming  does  not  involve  the  prebunching  resonator, 
so  that  this  technique  should  be  applicable  to  single-cavity  oscillators.  Rather,  it  relies 
solely  upon  varying  the  rise  of  a  to  excite  a  high  frequency  mode  slightly  before  the 
peak  of  the  voltage  pulse. 
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The  rise  of  the  cathode  voltage  and  beam  alpha  is  shown  pictorially  in  Figure  56. 
In  (a),  both  the  pitch  angle  and  beam  voltage  rise  from  0  at  time  t  =  0  to  their  peak 
values  at  t  =  4  /isec.  These  are  the  typical  conditions  for  both  free-running  and  mode- 
primed  operation  of  the  gyroklystron,  where  the  rf  pulse  turns  on  at  <  =  4/isec.  The 
situation  is  somewhat  different  in  (b),  where  the  cathode  voltage  is  unchanged  but  the 
beam  a  peaks  0.25  //sec  earlier.  This  tends  to  excite  a  mode  in  the  output  resonator 
at  an  earlier  time  at  slightly  lower  voltage,  which  corresponds  to  higher  frequency.  In 
the  experiment,  the  estimated  time  shift  in  the  peak  value  of  a  is  approximately  100 
nsec. 

To  demonstrate  the  benefit  of  this  technique,  first  compare  alpha  priming  to  nor¬ 
mal  oscillator  operation  with  no  priming  as  a  function  of  cathode  voltage.  A  plot  of 
eflUciency  versus  beam  voltage  is  given  in  Figure  57  for  a  beam  current  of  10  A.  The 
voltage  divider  setting  is  82.5%,  which  results  in  an  average  measured  o  of  1.6  at  lower 
cathode  voltage.  If  the  pitch  angle  of  the  electrons  is  raised  higher,  strong  oscillations 
be^n  in  the  prebunching  resonator  which  rapidly  degrade  the  output  pulse  shape  and 
the  efficiency.  The  magnetic  field  is  33.42  kG  for  this  data  with  no  taper  across  the 
output  resonator.  The  free-running  oscillator  efficiency  peaks  at  12%  for  a  cathode 
voltage  of  67  kV.  For  higher  voltages,  the  output  pulse  begins  mode  skipping  between 
the  desired  86.30  GHz  mode  and  the  competing  85.58  GHz  mode.  For  a  cathode  volt¬ 
age  of  68  kV,  100%  of  the  pulses  are  in  the  low  frequency,  low  efficiency  mode.  The 
cathode-mod  anode  capacitance  is  1.25  nF  for  this  free-running  oscillator  data  with  no 
priming,  so  that  a  reaches  its  maximum  on  the  leading  edge  of  the  voltage  flat-top. 
The  pulse  length  of  the  millimeter-wave  signal  is  limited  to  11  //sec  and  turns  on  just 
after  the  beginning  of  the  flat-top . 

To  initiate  alpha  priming,  the  capacitance  between  the  cathode  and  mod  tinode  is 
lowered  to  1  nF.  The  beam  o  now  reaches  its  maximum  just  prior  to  the  flat-top  of 
the  voltage  pulse  and  has  a  slight  droop  during  the  13  //sec  pulse,  as  evidenced  by 
the  millimeter-wave  pulse  shape  and  the  capacitive  probe  signals.  The  pulse  length  of 
the  radiation  is  now  12.5  //sec,  which  is  essentially  that  of  the  flat-top  of  the  voltage 
pulse.  Under  these  conditions,  the  cathode  voltage  can  be  increased  past  the  limit  for 
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Figure  57:  tifhciency  versus  voltage  for  alpha  priming  at  10  A. 


the  free-running  oscillator  at  86.30  GHz.  This  results  in  higher  frequency  detunings 
and  higher  efficiencies.  The  maximum  efficiency  for  this  data  is  17%  at  a  beam  voltage 
of  72.5  kV.  Further  increases  in  voltage  for  these  particular  conditions  cause  strong 
oscillations  in  the  input  resonator  which  degrade  the  output  efficiency. 

Alpha  priming  results  in  higher  efficiencies  because  it  allows  for  single-mode  oper¬ 
ation  at  high  detunings.  Figure  58  plots  the  efficiency  of  the  no-priming  and  alpha- 
primed  data  versus  frequency  detuning  for  the  previous  experimental  conditions.  The 
frequency  detunings  are  calculated  using  the  space  charge  correction  factor,  which  re¬ 
sults  in  0.6%  lower  values  in  the  output  resonator.  The  maximum  detuning  for  the 
gyrotron  with  no  priming  is  3.5%,  while  alpha  priming  allows  operation  up  to  4.6%. 
This  1.1%  detuning  benefit  amounts  to  more  than  1  longitudinal  mode  in  the  output 
resonator,  which  is  somewhat  better  than  the  previous  results  for  EIO  mode  priming. 
Note  that  in  this  high  current,  relatively  low  a  operating  region,  the  detunings  for 
maximum  efficiency  are  shifted  to  larger  values,  which  is  consistent  with  results  from 
the  previous  section. 

Alpha  priming  is  successful  in  achieving  large  detunings  because  the  desired  mode 
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Figure  58:  Efficiency  versus  frequency  detuning  for  alpha  priming  at  10  A. 


be^ns  growing  during  the  rise  of  the  voltage  pulse.  A  comparison  of  the  oscilloscope 
traces  for  alpharpriming  and  free-running  operation  with  no  priming  is  given  in  Figure 
59  with  the  cathode  voltage  pulse  as  a  reference.  The  beam  current  is  7  A,  the  beam 
voltage  is  70.4  kV,  and  the  magnetic  held  is  33.42  kG.  The  voltage  divider  is  82.5%, 
which  results  in  a  measured  a  =  1.8.  During  alpha  priming,  the  gyrotron  is  running  in 
the  85.41  GHz  mode  in  the  output  resonator  at  an  efficiency  of  17%  with  a  rather  flat 
detector  signal.  The  cathode-mod  anode  capacitance  is  1.25  nF  under  these  conditions. 
The  frequency  detuning  at  this  maximum  efficiency  point  is  3.3%  with  the  space  charge 
.  orrection  factor.  To  obtain  free-running  oscillator  operation  in  the  absence  of  priming, 
the  capacitance  is  increased  to  1.5  nF.  The  gyrotron  now  operates  in  the  83.%  GHz 
mode  with  an  efficiency  of  7.8%.  Note  that  the  detector  trace  now  has  a  relatively 
large  ripple,  which  is  indicative  of  a  mode  which  is  not  being  driven  close  to  saturation. 
The  cathode  voltage  can  be  increased  to  74.35  kV  for  this  mode,  with  a  corresponding 
efficiency  of  9.1%  and  a  frequency  detuning  of  2.3%.  Thus,  the  different  capacitance 
setting  results  in  more  than  a  factor  of  2  increase  in  efficiency  and  roughly  2  longitudinal 
modes  in  detuning  between  the  alpha-priming  and  no-priming  cases. 
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Figure  59:  Oscilloscope  traces:  (a)  alpha  priming  and  (b)  no  priming.  Notice  that  the 
detector  trace  for  alph'".  priming  turns  on  before  the  leading  edge  of  the  voltage  fiat-top 
and  is  fiat  compared  to  the  no-priming  trace. 
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The  main  difference  between  the  two  cases  is  seen  by  examining  the  leading  edge 
of  the  millimeter-wave  pulse.  For  the  alpha- primed  case,  the  mode  b^ns  ~  0.6  fisec 
before  the  flat-top  of  the  voltage  pulse  with  a  rise  time  of  0.5  /isec.  The  free-running 
oscillator  with  no  priming  begins  on  the  leading  edge  of  the  flat-top,  with  a  rise  time  of 
approximately  0.2  fisec.  The  85.41  GHz  mode  starts  when  the  voltage  is  3.9%  below  the 
final  value,  which  results  in  a  detuning  of  2.8%  at  this  instant  in  time.  The  pulsewidth 
of  the  free-running  83.96  GHz  mode  is  11.5  fisec,  while  the  alpha-primed  mode  is  13 
fisec.  This  lunger  pulsewidth  is  due  to  the  earlier  start-up  time  for  the  high  frequency 
mode  and  a  slightly  longer  fall  time. 

The  usual  data-taking  procedure  is  to  flx  the  magnetic  field  and  the  mod  anode 
voltage  divider  setting  and  vary  the  cathode  voltage.  The  electron  beam  current  is 
determined  largely  by  the  cathode  heater  setting  and  is  fairly  constant  as  the  voltage  is 
increased.  For  beam  voltages  such  that  the  output  resonator  is  slightly  above  threshold, 
one  or  two  radiation  spikes  of  ~  1  fisec  duration  are  observed  using  a  millimeter-wave 
detector.  If  a  is  large  at  the  beginning  of  the  modulator  pulse,  a  spike  is  observed 
immediately  after  the  flat-top  is  reached.  H  the  pitch  angle  of  the  electrons  is  constant 
during  the  13  fisec  pulse,  the  output  spike(s)  occurs  during  the  center  of  the  pulse.  The 
position  of  the  spikes  correspond  to  the  maxima  of  the  ripples  on  the  high  voltage  pulse 
produced  by  the  modulator.  As  the  cathode  voltage  is  increased  further,  the  radiation 
pulsewidth  increases  to  ~13  fisec  and  the  structure  caused  by  the  high  voltage  ripple 
decreases.  When  the  output  resonator  is  driven  close  to  maximum  efficiency  for  a 
particular  mode,  the  rf  pulse  is  quite  flat  with  little  or  no  evidence  of  the  modulator 
ripple.  Pushing  the  oscillator  past  this  point  often  causes  a  slight  decrease  in  efficiency 
and  a  reappearance  of  small,  irregulaLr  ripples  on  the  pulse.  The  prebunching  resonator, 
when  it  is  oscillating,  is  always  close  to  the  threshold  current  and  behaves  in  the  same 
manner  as  the  output  resonator. 

It  is  interesting  to  compare  the  limits  of  high  efficiency  performance  for  the  three 
regimes  of  operation.  For  the  free- running  oscillator  with  no  priming,  mode  skipping 
occurs  between  the  desired  mode  and  the  next  lower  longitudinal  mode  when  the  max¬ 
imum  detuning  for  the  working  mode  is  exceeded.  However,  the  limits  for  both  alpha 


107 


priming  and  £10  mode  priming  are  due  to  mode  competition  during  the  13  /isec  pulse 
with  a  low  frequency  mode.  If  the  detuning  is  large  enough  at  the  high  efficiency  point, 
the  competing  mode  may  be  two  longitudinal  modes  down  in  frequency.  The  difference 
between  the  mode  skipping  and  mode  competition  phenomena  can  be  understood  as 
follows.  In  the  free-running  case,  the  longitudinal  modes  begin  with  the  same  initial 
amplitudes  and  the  mode  with  the  highest  linear  growth  rate  is  dominant.  Thus,  if 
the  maximum  detuning  for  a  particular  mode  is  passed,  the  next  lower  mode  reaches 
saturation  first  and  the  output  is  still  single-moded.  For  alpha  priming  and  EIO  mode 
priming,  a  particular  mode  is  excited  during  the  rise  of  the  voltage  pulse  and  is  able  to 
overcome  the  higher  linear  growth  rates  of  neighboring  modes.  The  limit  in  this  case  is 
due  to  the  destabilization  of  a  competing  mode(s)  later  in  the  pulse  when  the  detuning 
is  too  large  for  effective  nonlinear  suppression  of  satellite  modes.  In  the  next  chapter,  it 
will  be  shown  that  priming  allows  access  to  the  hard  excitation  region  of  the  gyrotron 
,  whereas  the  free-running  oscillator  remains  in  the  soft  excitation  regime. 

A  large  volume  of  data  was  collected  to  compare  the  performance  of  alpha  priming 
and  EIO  mode  priming  over  a  wide  range  of  operating  parameters.  Figure  60  shows 
the  measured  values  of  efficiency  versus  beam  current  for  the  three  different  operating 
regions:  alpha  priming,  EIO  mode  priming,  and  no  priming.  The  magnetic  field  is 
33.42  kG  at  the  center  of  the  output  resonator  with  no  tapering.  The  beam  voltage 
typically  varies  from  approximately  67  kV  at  the  lower  currents  to  76  kV  at  higher 
currents.  Likewise,  the  mod  anode  volt2ige  divider  is  increased  from  80.5%  to  86.5% 
as  the  current  is  increased  to  decrease  the  average  q  of  the  beam,  which  is  necessary 
to  keep  the  prebunching  resonator  below  oscillation  threshold  as  the  beam  power  in¬ 
creases.  It  is  possible  to  run  the  gyrotron  in  both  the  alpha-priming  and  mode-primed 
regimes  over  a  large  range  of  currents  and  voltages.  The  data  presented  here  have  been 
optimized  with  respect  to  cathode  voltage  for  maximum  efficiency  for  each  point.  The 
highest  efficiencies  are  obtained  using  alpha  priming,  where  a  peak  efficiency  of  19.6% 
is  measured  at  a  beam  current  of  5  A.  By  using  the  EIO  to  mode  prime  the  gyrotron, 
16.5%  efficiency  is  measured  at  a  beam  current  of  4.5  A.  Both  of  these  techniques  result 
in  higher  detunings  and  higher  efficiencies  than  the  oscillator  with  no  priming  for  all 
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Figure  60:  Efficiency  versus  current  for  the  three  operating  regimes. 


beam  currents.  The  trend  for  all  three  operating  regimes  is  towards  lower  efficiency 
as  the  current  increases.  This  decrease  in  efficiency  is  due  to  the  decreased  a,  which 
lowers  the  amount  of  perpendicular  energy  available  to  the  rf  fields.  The  peak  efficiency 
is  measured  at  the  onset  of  oscillations,  so  that  higher  efficiency  may  be  possible  at 
higher  current  without  the  prebunching  resonator.  This  interpretation  is  supported  by 
calculations  in  the  next  chapter,  where  it  is  shown  that  the  electric  field  in  the  output 
resonator  is  below  the  field  required  for  maximum  efficiency. 

The  maximum  beam  current  used  in  the  gyroklystron  is  limited  by  the  onset  of 
oscillations  in  the  prebunching  resonator.  Large  amplitude  oscillations  in  the  input 
resonator  introduce  a  large  energy  spread  on  the  beam  and  rapidly  degrade  the  inter¬ 
action  efficiency  in  the  output  resonator.  Intentionally  driving  oscillations  in  the  first 
resonator  allows  a  technique  to  measure  the  gyrotron’s  sensitivity  to  energy  spread. 
Consider  the  experimental  parameters  where  the  beam  current  is  6.8  A,  the  beam  volt¬ 
age  is  71.1  kV,  and  the  output  power  is  72.6  kW  with  an  efficiency  of  15%.  The  voltage 
divider  setting  is  82.5%,  resulting  in  a  measured  pitch  ratio  of  the  electrons  of  1.9.  The 
magnetic  field  is  33.42  kG  and  has  a  -1%  taper  across  the  output  resonator.  As  the 
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beam  voltage  is  increased,  the  frequency  detuning  in  the  prebuncher  increases,  as  does 
the  amplitude  of  oscillations  in  the  prebuncher.  At  a  beam  voltage  of  71.1  kV,  the 
peak  power  in  the  prebuncher  is  10  kW,  which  is  approximately  14  dB  greater  than  the 
power  available  from  the  EIO.  The  pulse  shape  of  the  output  radiation  begins  showing 
structure  which  is  associated  with  the  oscillations  in  the  drive  resonator.  This  structure 
lowers  the  output  efficiency  by  several  percent,  and  further  increases  in  voltage  serve 
to  rapidly  lower  the  gyrotron  efficiency. 

Calculations  are  performed  in  [57]  to  study  the  variation  of  gyrotron  efficiency  with 
energy  spread.  In  this  model,  a  “top-hat”  distribution  function  is  used  over  ±A7  so 
that  the  RMS  energy  spread  is  ±A7/\/3.  The  normalized  gyrotron  parameters  are 
interaction  length  /i  =  17,  field  amplitude  eo  =  1.0,  and  transit  angle  6  =  2.5.  These 
values  correspond  to  the  maximum  operating  efficiency  for  /i  =  17  for  a  quasioptical 
gyrotron  with  a  pencil  electron  beam  placed  on  a  field  maximum  in  the  output  res¬ 
onator.  In  the  calculations,  the  perpendicular  efficiency  begins  to  fall  when  the  energy 
spread  reaches  a  value  of  ~2%,  which  is  similar  to  what  is  observed  in  the  experiment. 

One  possible  mechanism  to  further  increase  the  efficiency  of  the  gyroklystron  is 
to  use  alpha  priming  and  EIO  mode  priming  simultaneously.  However,  it  has  been 
demonstrated  experimentally  that  there  is  no  benefit  to  injecting  the  EIO  signal  during 
the  rise  of  the  voltage  pulse  during  alpha  priming.  This  is  understood  because  the  limit 
to  alpha  priming  is  not  the  ability  to  lock  onto  the  desired  mode  during  the  voltage  rise, 
but  rather  mode  competition  later  in  time.  Experimental  results  also  show  that  alpha 
priming  is  more  powerful  than  EIO  mode  priming  in  determining  the  mode  during  the 
rise  of  the  pulse.  A  possible  explanation  is  that  the  limit  to  mode  priming  is  given  by 
the  maximum  prebunching  power,  whereas  alpha  priming  takes  advantage  of  the  full 
power  of  the  electron  beam.  Consider  the  case  where  the  gyroklystron  is  operating  the 
alpha-primed  regime  in  the  86.29  GHz  mode  at  high  efficiency.  Prebunching  the  beam 
at  a  frequency  of  85.55  GHz  during  the  rise  of  the  cathode  voltage  has  no  effect  on 
the  operation  of  the  output  resonator  under  these  conditions.  Using  the  EIO  to  mode 
prime  the  gyroklystron  is  only  effective  when  the  cathode-mod  anode  capacitance  is 
relatively  high  and  the  pitch  angle  of  the  electrons  reaches  its  maximum  at  the  leading 
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edge  of  the  flat-top  of  the  voltage  pulse. 

Tapering  the  magnetic  field  across  the  output  resonator  has  several  possible  benefits 
which  have  been  demonstrated  in  single-mode  and  multimode  nonlinear  calctilations. 
As  particles  lose  energy  in  the  single- mode  regime,  the  relativistic  mass  factor  decreases 
and  the  cyclotron  frequency  increases.  Under  these  conditions,  a  negative  taper  on  the 
magnetic  field  allows  the  electrons  to  remain  in  synchronism  with  the  rf  fields  = 
constant)  to  increase  the  energy  extracted  from  the  beam.  In  the  multimode  regime, 
it  may  be  desirable  to  increase  the  magnetic  field  along  the  interaction  region.  Using 
this  technique,  a  mode  is  started  at  a  low  detuning  and  moves  to  the  highly-detuned, 
high-efficiency  region  of  parameter  space  by  the  end  of  the  interaction,  which  helps  the 
working  mode  suppress  other  longitudinal  modes. 

In  the  superconducting  magnet  used  in  the  present  experiment,  the  field  is  tapered 
by  adjusting  the  currents  in  the  two  coils.  The  coils  are  separated  by  a  distance  greater 
than  a  Helmholtz  pair,  so  that  there  is  a  field  minima  at  the  center  of  the  output 
resonator.  Thus,  varying  the  currents  causes  a  magnetic  field  variation  that  is  not  linear 
across  the  interaction  region.  This  can  be  seen  in  Figure  61  for  several  moderate  tapers 
which  are  used  in  the  experiment.  The  magnetic  field  taper  is  calculated  according  to 


AP  _  B(z2)-B(zi) 
B  B{0) 


(67) 


where  22  =  l.Ttuoz^  21  =  -l.Ttuoz?  and  woz  is  the  radiation  waist  in  the  output  res¬ 
onator.  The  limits  of  2  =  ±1.7 wq2  are  chosen  because  this  is  the  separation  between 
the  drift  tube  and  the  uptaper.  As  the  field  is  tapered,  the  magnetic  field  at  the  cath¬ 
ode  changes.  For  example,  a  -1-2%  taper  across  the  output  resonator  results  in  a  -2% 
change  in  the  magnetic  field  at  the  gun.  This  tends  to  raise  the  average  pitch  angle  of 
the  beam  according  to  Eq.  (61).  However,  this  change  in  the  magnetic  compression  is 
much  smaller  than  a  1%  change  in  the  voltage  divider,  which  results  in  a  5%  change  in 
mod  anode  voltage. 

Figure  62  plots  the  measured  efficiency  as  a  function  of  the  magnetic  field  taper 
across  the  output  resonator,  where  the  field  at  the  center  of  the  output  resonator  is 
fixed  at  33.43  kG.  This  is  accomplished  by  raising  the  current  in  one  coil  while  lowering 
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Figure  61:  Several  calculated  magnetic  field  tapers  used  in  the  experiment. 

the  current  in  the  other  coil  by  an  equal  amount.  The  beam  current  is  approximately  8 
A  for  this  data,  and  the  voltage  divider  is  adjusted  so  that  the  prebunching  resonator 
is  just  below  the  threshold  for  oscillations.  The  cathode-mod  anode  capacitance  is 
lowered  from  1.25  nF  to  1  nF  to  access  the  alpha-priming  operating  regime.  The  data 
are  optimized  by  raising  the  cathode  volt^e  to  a  maximum  efficiency  point,  where  the 
maximum  voltage  for  this  data  is  77  kV. 

Both  alpha  priming  and  EIO  mode  priming  are  successful  over  all  of  the  tapers  used 
in  the  experiment.  Alpha  priming  is  typically  the  more  powerful  of  the  two,  resulting 
in  higher  detunings  and  higher  efficiencies.  In  general,  a  0%  taper  provides  the  highest 
pov,rer  and  efficiency  for  both  alpha  priming  and  £10  mode  priming,  although  for  this 
particular  data  set  the  -|-3%  data  point  is  just  as  good.  The  limit  to  both  alpha  priming 
and  EIO  mode  priming  is  still  mode  competition  later  in  the  pulse,  and  the  detuning  for 
which  the  efficiency  is  maximum  doesn't  change  as  a  function  of  the  magnetic  tiering. 
The  basic  conclusion  from  this  work  is  that  there  doesn’t  appear  to  be  any  benefit  to 
magnetic  field  tapering  in  the  present  experiment,  where  the  device  operates  in  a  single 
mode.  In  a  previous  experiment,  there  was  a  small  improvement  in  efficiency  in  the 
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Figure  62:  Measured  efficiency  versus  magnetic  field  taper  in  the  output  resonator. 


multimode  regime  for  a  2%  negative  taper  across  the  output  resonator[17]. 

More  data  is  obtained  using  magnetic  field  tapers  for  a  beam  current  of  6  A,  where 
there  is  no  possibility  of  driving  oscillations  in  the  input  resonator.  Thus,  the  beam  a 
can  be  raised  to  a  larger  value  and  the  resulting  efficiency  is  higher  than  the  8  A  data. 
For  alpha  priming,  efficiencies  of  19.4,  19.1,  and  17.5%  were  obtained  for  magnetic  field 
tapers  of  0,  -1-2,  and  -2%,  respectfully.  These  results  are  quite  similar  to  the  observed 
performance  at  a  beam  current  of  8  A,  where  the  magnetic  field  taper  provides  no 
improvement  in  efficiency  or  maximum  frequency  detuning. 

High  efficiencies  are  obtained  using  the  technique  of  alpha  priming  because  the 
operating  mode  is  excited  at  large  detuning.  Figure  63  plots  the  maximum  cathode 
voltage  for  a  particular  longitudinal  mode  as  a  function  of  beam  current  for  both  alpha 
priming  and  mode  priming.  The  magnetic  field  is  33.42  kG  with  no  taper  and  the  output 
frequencies  are  near  85.5  GHz.  The  highest  beam  voltages  and  detunings  are  obtained 
using  alpha  priming,  resulting  in  values  up  to  75.5  kV.  Peak  voltages  for  mode  priming 
by  prebunching  the  electron  beam  are  typically  somewhat  lower,  resulting  in  lower 
power  and  efficiency.  The  scatter  in  the  points  is  representative  of  the  variations  in  the 
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Figure  63:  Optimized  cathode  voltage  versus  current  for  mode  and  alpha  priming. 


operating  conditions  of  the  gyroklystron,  such  as  mirror  separation,  mirror  alignment, 
and  electron  beam  position  in  the  resonator. 

A  number  of  measurements  are  perfonned  to  ensure  that  the  high  efficiency  data 
obtained  using  the  alpha-priming  technique  is  independent  of  the  prebunching  res¬ 
onator.  When  the  magnetic  field  is  tapered  across  the  output  resonator  by  -l-4%,  the 
field  in  the  prebuncher  is  reduced  by  5.6%.  The  iongitudinal  mode  separation  in  the 
prebuncher  is  only  2.5%,  so  that  any  fundamental  or  second  harmonic  radiation  present 
in  the  input  resonator  will  be  shifted  to  a  lower  frequency.  However,  no  effect  on  alpha 
priming  is  observed  for  tapered  magnetic  fields.  When  the  EIO  signal  is  introduced 
into  the  prebuncher  during  alpha  priming,  no  effect  is  observed.  This  also  confirms  that 
radiation  in  the  input  resonator  does  not  effect  alpha  priming,  since  the  EIO  power  is 
much  greater  than  any  fundamental  or  second  harmonic  radiation  present.  The  beam 
current  can  be  increased  so  that  oscillations  occur  in  the  input  resonator,  but  this  also 
has  no  effect  on  the  operation  of  the  tube  for  relatively  small  oscillations.  Varying  the 
magnetic  field  and  the  cathode  voltage  changes  the  frequency  of  any  radiation  present 
in  the  prebuncher,  again  with  no  effect  on  alpha  priming.  Lastly,  the  mirror  separation 
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is  varied  to  excite  different  modes  in  the  output  resonator.  This  shifts  the  frequency 
difference  between  the  two  resonators,  but  the  efficiency  and  maximum  detuning  are 
unchanged.  Thus,  a  variety  of  measurements  have  shown  that  the  alpha-priming  effect 
does  not  depend  upon  the  prebunching  resonator. 

Another  way  to  explain  the  phenomenon  of  alpha  priming  could  be  some  unique 
characteristic  of  the  voltage  pulse  which  preferentially  excites  a  high-frequency  mode 
in  the  output  resonator.  To  test  this  possibility,  the  pulse  forming  network  in  the 
modulator  is  adjusted  so  that  the  shoulder  on  the  leading  edge  of  the  voltage  pulse  is 
moved  to  earlier  and  later  times.  However,  this  has  no  effect  on  the  efficiency  or  the 
output  mode  of  the  gyroklystron.  The  PFN  is  also  shortened  to  two  stages  so  that  a  2 
;tsec  voltage  pulse  is  obtained.  Again,  no  change  in  the  output  frequency  or  efficiency 
is  observed.  It  is  concluded  that  the  gyroklystron  is  not  sensitive  to  changes  in  the 
shape  of  the  voltage  pulse  and  that  alpha  priming  is  governed  by  the  cathode-mod 
anode  capacitance  only. 
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D.  Mirror  Alignment  and  Second  Harmonic  Radiation 

A  general  observation  from  the  experiment  is  that  misaligning  one  of  the  output 
resonator  mirrors  by  a  fraction  of  1°  can  result  in  a  50%  reduction  in  output  effi¬ 
ciency.  This  effect  is  quite  unexpected  from  the  measurements  in  Figure  32,  where 
1“  of  misalignment  only  reduces  the  quality  factor  by  10%.  This  section  discusses  the 
sensitivity  of  the  gyrotron  to  mirror  alignment,  frequency  measurements  from  aligned 
and  misaligned  resonators,  and  second  harmonic  radiation  in  the  input  and  output 
resonators. 

The  resonance  condition  for  a  TEMp/,  mode  in  a  Fabry- Perot- type  resonator  with 
curved  mirrors  can  be  written [58] 

A:d  -  2(2p -b  / -f- l)arctan(7^)  =  5r(q -b  1).  (68) 

KWq 

Here,  k  is  the  free  space  wavenumber,  wq  is  the  radiation  waist,  d  is  the  mirror  separa¬ 
tion,  and  p,l,  and  q  are  the  radial,  angular,  and  longitudinal  mode  numbers  in  cylindri¬ 
cal  coordinates.  The  fundamental  transverse  mode  is  denoted  the  TEMoo,  mode,  and 
is  approximately  gaussian  in  shape  with  a  field  maximum  at  the  center  of  the  mirror. 
The  second  term  on  the  left-hand  side  of  Eq.  (68)  is  relatively  small  compared  to  the 
other  terms,  but  must  be  included  for  comparison  with  experimental  measurements. 
The  finite-sized  mirrors  cause  large  diffraction  losses  for  higher-order  transverse  modes 
so  that  they  are  not  usually  observed  in  the  experiment. 

As  the  beam  voltage  is  increased  in  the  gyroklystron,  a  sequence  of  longitudinal 
modes  is  excited  in  the  output  resonator  with  decreasing  frequency.  The  intermode 
spacing  between  modes  with  the  same  transverse  mode  numbers  is  Af  =  c/2d,  which 
allows  for  a  method  to  verify  the  transverse  mode  structure.  Such  a  comparison  is 
presented  in  Table  5  for  calculated  and  measured  frequencies  from  the  output  resonator 
under  normal  operating  conditions.  The  beam  voltage  varies  from  59.1-65.2  kV,  the 
current  is  3  A,  the  voltage  divider  is  80.5%,  and  the  magnetic  field  is  33.42  kG.  The 
measured  frequency  separation  of  729  MHz  corresponds  to  a  mirror  separation  d  = 
20.57  cm.  The  experimental  measurements  are  accurate  to  within  a  few  MHz,  so 
that  excellent  agreement  is  obtained  between  the  measurements  and  calculated  values. 


TEM  mode 

Calculated 

Measured 

numbers 

Frequency  (GHz) 

Frequency  (GHz) 

0.0,117 

86.286 

86.286 

0,0,116 

85.557 

85.557 

0,0,115 

84.828 

84.828 

0,1,115 

85.079 

1,0,115 

85.331 

1,1,115 

85.582 

Table  5:  Measured  and  calculated  output  frequencies  with  good  alignment. 

Several  higher-order  transverse  modes  are  included  in  the  table  to  demonstrate  that 
these  frequencies  should  be  discernible  in  the  experiment  given  the  accuracy  of  the 
measurements.  Nearly  all  of  the  data  collected  during  this  experiment  is  single-moded 
where  the  measured  frequencies  correspond  to  different  TEMqo  modes. 

In  the  experiment,  three  micrometers  are  adjusted  from  outside  the  magnet  dewar 
to  vary  the  position  aind  alignment  of  each  output  resonator  mirror.  The  mirrors 
are  intentionally  misaligned  by  advancing  only  one  of  the  micrometers  on  a  single 
mirror.  Since  the  electron  beam  excites  a  TEM  mode  with  horizontal  polarization, 
the  misalignment  of  the  nurror  can  be  such  that  the  mirror  surface  is  now  parallel  or 
tilted  with  respect  to  the  electric  field  of  the  resonator  mode.  The  cold  tests  described 
previously  were  performed  for  the  case  where  the  field  is  parallel  to  the  misaligned 
mirror,  but  there  is  no  preferred  polarization  in  the  absence  of  the  beam.  We  might 
anticipate  that  this  orientation  will  be  less  susceptible  to  degradation  by  misalignment 
under  hot-test  conditions,  which  is  what  is  observed  in  the  experiment. 

As  an  example,  consider  the  hot  test  where  one  mirror  is  misaligned  such  that  the 
surface  remains  parallel  to  the  electric  field  of  the  mode.  The  beam  voltage  is  72.5 
kV,  the  beam  current  is  3.8  A,  the  magnetic  field  is  33.42  kG,  and  the  voltage  divider 
is  82.5%.  The  gyrotron  is  operated  in  the  alpha-priming  regime  where  the  cathode 
mod  anode  capacitance  is  1.0  nF.  An  efficiency  of  15.6%  is  measured  with  a  single 
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longitudinal  mode  oscillating  at  85.383  GHz  with  no  misalignment.  A  misalignment  of 
0.5®  results  in  a  measured  frequency  which  is  shifted  up  by  177  MHz,  which  is  consistent 
with  the  new  position  of  the  center  of  the  resonator  mirror.  The  efficiency  is  now  13.('%, 
which  is  relatively  close  to  the  aligned  value.  Thus,  misaligning  the  mirrors  such  that 
the  mirror  surface  remains  parallel  to  the  electric  held  has  a  relatively  small  effect  on 
the  operation  of  the  gyrotron  in  the  present  experiment. 

A  much  different  result  is  obtained  when  the  micrometer  is  advanced  so  that  the 
mirror  surface  is  tilted  with  respect  to  the  electric  field  of  the  resonator  mode.  The 
beam  voltage  is  initially  72.8  kV,  a  beam  current  of  4.55  A,  and  the  capacitance  setting 
is  1.125  nF.  The  measured  frequency  is  85.416  GHz,  with  a  corresponding  efficiency  of 
14.5%.  The  misaligned  resonator  frequency  is  upshifted  by  153  MHz,  with  a  maximum 
efficiency  of  only  7.0%i  at  a  beam  voltage  of  67.9  k\’.  Increasing  the  beam  voltage  results 
in  the  84.534  GHz  mode  being  excited  at  lower  efficiency  and  power.  Thus,  a  relatively 
small  misalignment  of  0.5°  results  in  50%  less  efficiency.  This  is  due  to  both  lower 
efficiency  for  a  given  cathode  voltage  and  the  inability  to  operate  at  higher  voltage 
(frequency  detuning)  for  a  given  mode.  A  large  volume  of  data  suggests  that  mirror 
misalignments  of  this  type  result  in  a  large  reduction  in  power  and  efficiency  over  the 
entire  gyrotron  parameter  space. 

An  interesting  phenomenon  is  observed  when  this  misaligned  resonator  is  driven 
at  even  higher  cathode  voltages.  For  a  beam  voltage  of  75  kV  and  a  slightly  different 
mirror  separation,  the  output  spectrum  becomes  multimoded  with  both  the  85.230 
and  83.817  GHz  frequencies  present  simultaneously  during  the  13  fisec  pulse.  This 
multimode  behavior  is  rare  and  is  not  observed  when  good  alignment  is  preserved.  The 
low  frequency  mode  does  not  correspond  to  a  fundamental  transverse  mode  with  a  lower 
longitudinal  index.  From  the  calculated  frequencies  in  Table  6,  this  mode  appears  to  be 
the  TEMi, 1,114  mode  for  a  mirror  separation  of  20.83  cm.  It  follows  that  the  Q  of  the 
fundamental  transverse  mode  is  spoiled  by  the  mirror  misalignment,  which  allows  the 
TEMii  mode  to  become  unstable.  The  same  behavior  is  observed  when  the  resonator 
mirrors  are  translated  a  short  distance  with  the  same  misalignment.  This  represents 
one  of  the  few  instances  where  a  higher-order  mode  is  observed  in  the  experiment. 
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Table  6:  Measured  and  calculated  output  frequencies  with  misalignment. 


but  serves  to  demonstrate  that  good  mirror  alignment  is  important  in  achieving  high 
power,  single-mode  operation. 

In  the  present  experiment,  radiation  at  the  second  harmonic  of  the  cyclotron  fre¬ 
quency  is  occasionally  observed  using  the  heterodyne  diagnostic.  The  power  level  of 
the  170  GHz  radiation  is  small  compared  to  the  fundamental,  although  calorimetric 
measurements  have  not  been  performed.  Signals  from  the  output  detector  indicate  the 
presence  of  the  second  harmonic  via  an  irregular,  spiky  signature  on  the  top  millimeter- 
wave  pulse.  The  most  striking  feature  of  the  second  harmonic  is  that  the  frequency  is 
almost  exactly  twice  the  fundamental  frequency.  This  is  unexpected  since  the  calcu¬ 
lated  frequencies  vary  significantly  due  to  the  transverse  mode  structure  as  well  as  the 
higher  frequency. 

As  an  example,  consider  the  experimental  conditions  corresponding  to  the  data 
in  Table  6.  A  small  amount  of  second  harmonic  radiation  is  detected  at  a  frequency 
of  170.460  GHz.  which  ib  exactly  twice  the  frequency  of  the  fundamental.  Using  the 
same  mirror  separation  l  =  20.83  cm,  a  mode  chart  is  formed  for  the  frequencies  close 
to  170  GHz,  given  in  Table  7.  The  170.460  GHz  mode  is  most  likely  the  TEMo,i,235» 
which  has  higher  diffraction  losses  than  the  fundamental  transverse  modes  at  the  second 
harmonic.  We  expect  that  second  harmonic  TEMqo  modes,  if  excited,  will  have  very 
small  diffraction  losses  and  will  be  difficult  to  observe  in  the  experiment.  If  the  voltage 
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Table  7;  Measured  and  calculated  second  hau’monic  frequencies  with  misalignment. 


is  increased  past  the  maximum  operating  point  for  the  fundamental  mode,  the  second 
harmonic  signal  disappears.  Thus,  the  existence  of  the  fundamental  is  usually  required 
for  the  excitation  of  the  second  harmonic  in  the  output  resonator. 

The  prebunching  resonator  osciUates  at  the  fundamental  cyclotron  frequency  for 
beam  currents  greater  than  6  A  and  pitch  angles  of  approximately  1.6.  The  input 
resonator  mirrors  are  fixed  with  separation  d  =  7.06  cm  and  relatively  large  coupling 
holes,  which  allows  another  opportunity  to  rr^easure  the  transverse  structure  of  the 
excited  modes.  Measured  and  calculated  frequencies  from  the  prebunching  resonator 
are  shown  in  Table  8.  Excellent  i^reement  is  obtained  between  the  measured  and 
theoretical  resonant  frequencies,  which  are  consistent  with  operation  in  TEMqo  modes. 
Although  the  mirrors  have  centered  coupling  holes,  the  fundamental  transverse  mode 
remains  dominant  since  the  diameter  of  the  mirrors  is  relatively  small. 

It  is  also  possible  to  excite  second  harmonic  radiation  in  the  prebunching  resonator 
at  both  low  and  high  currents  (2-12  A),  although  the  efficiency  is  low  compared  to  the 
fundamental.  The  detector  signals  from  the  input  resonator  show  that  the  oscillation 
is  very  spiky  as  a  function  of  time,  which  is  due  to  the  ripples  on  the  beam  voltage 
pulse.  At  magnetic  field  of  34.18  kG,  the  frequency  most  often  measured  is  176.722 
GHz.  For  a  prebuncher  mirror  separation  of  7.06  cm,  no  fundamental  transverse  modes 
fall  close  to  this  frequency.  The  closest  calculated  frequency  is  the  TEM2,3So  mode  at 
a  frequency  of  176.716  GHz.  The  transverse  mode  numbers  for  this  mode  are  rather 
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TEM  mode 

Calculated 

Measured 

numbers 

Frequency  (GHz) 

FVequency  (GHz) 

0,0,38 

83.427 

83.427 

0,0,39 

85.551 

85.554 

87.675 

87.675 

mm 

84.008 

1,0,38 

84.590 

1,1,38 

85.172 

Table  8:  Measured  and  calculated  prebuncher  frequencies. 

high,  which  makes  it  difficult  to  place  much  confidence  in  this  mode  identification.  The 
ceramic  rings  which  surround  the  input  mirrors  are  designed  to  absorb  radiation  near 
85.5  GHz,  so  perhaps  their  properties  near  170  GHz  cause  large  reflections  which  create 
a  new  set  of  transverse  modes.  When  this  mode  is  downshifted  in  frequency  by  lowering 
the  magnetic  field,  the  resulting  calculated  frequency  of  170.343  is  fairly  close  to  the 
second  harmonic  frequencies  measured  in  the  experiment.  Hence,  it  is  possible  that 
second  harmonic  generation  in  the  input  resonator  excites  a  nearby  frequency  in  the 
output  resonator.  The  output  mirror  separation  can  be  adjusted  to  match  the  second 
harmonic  frequency  in  the  prebuncher,  but  no  change  in  the  operation  of  the  gyrotron 
is  observed  when  this  is  performed. 
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E.  Depressed  Collector  Studies 


In  the  quasioptical  gyrotron,  the  electron  beam  collection  and  radiation  output  are 
separated  since  the  main  resonator  is  transverse  to  the  axis  of  the  beam.  This  allows  for 
a  straightforward  implementation  of  a  depressed  collector,  unlike  conventional  cavity 
gyrotrons  where  the  beam  must  be  separated  from  the  output  waveguide.  A  depressed 
collector  is  used  to  increase  the  overall  efficiency  of  a  microwave  tube  by  collecting  the 
spent  beam  at  a  negative  potential  with  respect  to  ground.  In  the  present  experiment, 
this  depression  is  accomplished  by  inserting  different  resistances  between  the  collector 
and  ground  (see  Figure  24).  A  simple,  single-stage  collector  is  used  where  the  electron 
beam  is  collected  on  the  inner  wall  of  a  stainless  steel  cylinder.  Insulating  material  is 
placed  between  the  collector  and  the  rest  of  the  experiment  to  prevent  arcing  as  the 
collector  is  depressed  (  VcoU  ~  40  kV). 

In  the  gyroklystron  experiment,  the  current  to  the  collector  trim  coil  is  increased 
to  270  A  so  that  essentially  100%  of  the  beam  passes  the  uptaper  and  intercepted  in 
the  collector.  For  the  case  of  no  beam  interception,  the  overall  efficiency  of  the  device 
is  written 


V  ~  Pout  IlYb^ coll  Pcoll^coll]'  (fi9) 

In  this  equation,  Pout  is  the  output  power,  Vj,  is  the  beam  voltage,  and  Rcoii  is  the 
resistance  between  the  collector  and  ground.  As  an  example,  a  70  kV  beam  with  a 
current  of  6  A  is  depressed  by  36  kV  using  a  6  kfl  resistance.  When  a  portion  of  the 
beam  is  intercepted  by  the  uptaper,  the  overall  efficiency  can  be  expressed 

f]  =  Pout/lH(/co«h  -  holt)  +  (Vfc  -  Rcolllcoll)holl]y  (10) 

where  Jcath  is  the  cathode  current.  This  equation  accounts  for  the  fact  that  a  portion 
of  the  beam  is  collected  at  ground  potential. 

A  plot  of  the  measured  overall  and  output  efficiencies  is  given  in  Figure  64  as  a 
function  of  collector  voltage  depression.  The  gyroklystron  is  operating  in  the  alpha- 
primed  regime  with  a  cathode- mod  anode  capacitance  of  1.125  nF  and  a  voltage  divider 
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Figure  64:  Measured  efficiency  versus  collector  voltage  depression. 

setting  of  82.5%.  The  pitch  angle  of  the  electrons  is  measured  as  1.8  using  the  capacitive 
probes  in  the  drift  tube.  The  gyroklystron  is  running  in  the  85.41  GHz  mode  with 
an  output  efficiency  of  approximately  18%  prior  to  depressing  the  collector.  As  the 
collector  is  depressed,  the  overall  efficiency  rises  to  greater  than  30%  at  a  collector 
voltage  of -35  kV,  with  a  corresponding  output  efficiency  of  17.5%.  As  the  collector  is 
depressed  further,  a  large  portion  of  the  electron  beam  is  reflected  from  the  collector 
and  the  operation  of  the  gyroklystron  becomes  unstable. 

As  the  collector  depression  is  increased,  a  portion  of  the  beam  is  reflected  from 
the  collector.  Define  the  uncollected  current  as  the  difference  between  the  cathode 
current  and  the  collector  current  (I uncoil  =  hath  ~  hou)-  This  uncollected  current  is 
plotted  in  Figure  65  as  a  function  of  collector  voltage  depression  for  the  data  described 
in  the  preceding  figure.  For  depression  voltages  less  than  25  kV,  essentially  100%  of 
the  cathode  current  is  collected  by  the  collector.  The  initial  uncollected  current  of  3% 
represents  the  error  in  the  baseline  measurement  due  to  ground  loop  noise  interfering 
with  the  collector  current  monitor.  As  the  collector  voltage  increases  beyond  25  kV,  a 
significant  number  of  electrons  fail  to  be  collected  on  the  collector.  Simultaneously,  the 
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Figure  65:  Uncollected  current  during  depressed  collector  operation. 

capadtive  probe  signals  bepn  to  increase,  which  is  indicative  of  reflecting  electrons. 
The  capadtive  probe  signals  are  doubled  at  a  depression  of  35  kV,  although  the  uncol¬ 
lected  current  is  only  13%  of  the  total.  The  dewar  current  monitor  also  increases  over 
these  collector  voltages,  although  this  increase  accounts  for  only  half  of  the  lost  cur¬ 
rent.  This  increase  in  dewar  current  is  possibly  due  to  electrons  being  collected  by  the 
anode  of  the  gun.  A  likely  explanation  for  this  behavior  is  as  follows.  At  large  voltage 
depressions,  electrons  are  reflected  from  the  collector  and  follow  the  magnetic  field  lines 
through  the  output  resonator  and  back  towards  the  gun  region.  A  portion  are  collected 
on  the  anode  at  ground  potential,  although  no  mod  anode  current  is  measured.  The 
remaining  electrons  are  either  mirrored  back  towards  the  collector  or  contribute  to  a 
space  charge  doud  near  the  gun.  The  doubling  of  the  capacitive  probe  signals  tends 
to  indicate  that  the  electrons  make  many  passes  through  the  tube,  which  supports  the 
reflexing  scenario.  During  these  conditions,  only  a  small  increase  in  uptaper  current  is 
noticed,  which  indicates  that  the  electrons  are  not  collected  in  this  region.  At  no  time 
is  current  collected  on  the  drift  tube. 

The  electrons  which  are  the  first  to  reflect  from  the  coUector  have  the  smallest 
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amount  of  parallel  energy.  Since  the  beam  is  essentially  monoenergetic  at  the  cathode, 
electrons  which  interact  most  efficiently  with  the  rf  fields  in  the  output  resonator  will 
have  the  smallest  energy  at  the  cathode.  The  transverse  energy  of  the  beam  is  con¬ 
verted  to  parallel  energy  in  the  adiabatically  decreasing  magnetic  field  at  the  collector. 
Thus,  the  maximum  voltage  depression  of  the  collector  gives  an  upper  bound  on  the 
interaction  efficiency  of  the  most  efficient  electrons.  For  a  beam  voltage  of  75  kV  and 
a  collector  voltage  of  25  kV,  the  maximum  efficiency  of  these  electrons  is  67%.  This 
figure  should  be  compared  with  the  output  efficiency  of  18%,  which  indicates  a  large 
spread  in  energ.v  due  to  the  interaction  in  the  output  resonator. 

Up  to  this  point,  it  has  been  assumed  that  electrons  which  exit  the  output  resonator 
with  low-o  are  the  limiting  factor  in  depressed  collector  operation  since  they  have 
the  lowest  energy  and  are  the  first  to  reflect  from  the  collector.  This  assumption  is 
tested  experimentally  by  lowering  the  current  to  the  collector  trim  coil  during  depressed 
collector  operation.  This  causes  high-a  electrons  to  be  collected  on  the  uptaper.  An 
increase  in  both  the  uptaper  and  dewar  current  monitors  is  observed  as  the  trim  coil 
current  is  decreased.  However,  there  is  no  change  in  the  capacitive  probe  signals  in  the 
drift  tube.  The  current  collected  by  the  uptaper  and  the  dewar  is  lost  directly  from  the 
collector  current  monitor.  These  observations  indicate  that  the  electrons  collected  on 
the  uptaper  do  not  contribute  to  the  current  reflected  from  the  collector.  This  tends 
to  support  the  interpretation  that  electrons  which  interact  efficiently  with  the  rf  fields 
are  responsible  for  reflections  from  the  depressed  collector. 

The  limit  to  depressed  collector  operation  is  due  to  electrons  reflecting  from  the 
collector.  Consider  the  experimental  case  where  the  beam  current  is  5.35  A  and  the 
collector  resistance  is  3.9  kfi,  which  results  in  a  collector  voltage  of  20.86  kV.  The  volt¬ 
age  divider  is  set  to  86.5%,  so  that  the  pitch  angle  is  small  and  there  are  no  oscillations 
in  the  output  resonator.  The  cathode  voltage  is  lowered,  and  the  onset  of  reflections  is 
measured  to  be  24.62  kV.  Since  there  are  no  oscillations  in  the  gyroklystron,  the  elec¬ 
tron  beam  should  be  monoenergetic.  However,  this  is  in  contrast  to  the  15%  difference 
between  cathode  and  collector  voltages.  There  are  at  least  two  possible  explanations 
for  this  behavior.  First,  secondary  electrons  from  the  collector  surface  may  be  causing 
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the  unstable  operation  at  the  largest  collector  depressions.  Secondly,  no  effort  has  been 
made  in  the  present  experiment  to  design  the  collector  region  with  the  proper  equipo- 
tential  surfaces  for  beam  collection.  Space  charge  depression  and  the  equipotential 
distribution  in  the  collector  may  be  causing  reflecting  current. 

The  collector  efficiency  is  defined 


Vcolt  — 


1  Vout  /  V 
1  Vout 


(71) 


where  rfd  is  the  output  efficiency  of  the  interaction  which  is  uncorrected  for  the  collector 
depression.  The  collector  efficiency  is  a  measure  of  how  effectively  energy  is  recovered 
from  the  electron  beam  after  it  emerges  from  the  output  resonator.  For  the  data  in 
Figure  64,  the  maximum  collector  efficiency  is  50%  and  occurs  for  a  depression  of  35 
kV.  The  collector  efficiency  is  39%  at  a  collector  voltage  of  23  kV,  which  is  where  loss  of 
collector  current  begins.  These  values  can  be  compared  to  an  optimized  design  value  of 
^coii  —  76%  for  a  10  GHz  gyroklystron.  It  may  be  beneficial  to  operate  the  gyroklystron 
with  a  somewhat  lower  a  so  that  the  maximum  collector  depression  can  be  increased. 
However,  this  would  probably  be  more  than  offset  by  the  loss  of  interaction  efficiency 
in  the  gyrotron.  Reducing  the  spread  in  pitch  angle  should  also  allow  higher  collector 
efficiencies  since  electrons  with  very  high  a  values  before  the  output  resonator  may  be 
the  first  to  reflect  from  the  collector.  No  attempt  has  been  made  to  reduce  the  pitch 
angle  spread  of  the  beam  in  the  present  experiment. 

There  are  several  important  differences  between  depressed  collector  operation  in 
the  present  experiment  and  previous  results  on  the  quasioptical  gyrotron  at  NRL[59]. 
In  the  present  work,  it  is  possible  to  operate  the  gyroklystron  at  peak  efficiency  and 
optimum  detuning  while  depressing  the  collector.  The  output  is  single-moded  and  quite 
stable  during  operation.  Previously,  the  output  was  always  multimoded  and  the  best 
collector  efficiencies  occurred  for  lower  interaction  efficiencies.  Secondly,  nearly  100% 
of  the  beam  current  is  collected  in  the  coUector  during  this  experiment,  so  that  higher 
overall  efficiency  is  obtained.  Approximately  15%  of  the  beam  current  was  collected 
on  the  uptaper  during  earlier  depressed  collector  experiments  on  the  QOG.  Lastly,  the 
output  efficiency  degrades  rather  slowly  as  the  collector  potential  is  increased  in  the 
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present  work.  This  is  in  contrast  to  the  previous  results  where  the  efficiency  dropped 
very  quickly  when  the  collector  depression  became  too  large. 
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F.  Amplifier  Operatk>n 


The  quasioptical  gyroklystron  experiment  is  designed  as  an  oscillator,  but  amplifier 
studies  may  also  be  performed  by  lowering  the  average  o  of  the  beam  so  that  the  output 
resonator  is  below  threshold  for  oscillations.  This  provides  and  opportunity  to  measure 
the  quality  of  the  electron  beam  prebunching,  amplifier  gain,  bandwidth,  and  phase 
and  frequency  characteristics.  Before  characterizing  the  gyroklyst  on,  measurements 
are  performed  to  study  the  frequency  jitter  and  chirp  of  the  EIO  drive  source. 

Several  techniques  are  used  to  observe  and  measure  the  frequency  chirp  of  the  EIO 
during  the  2  psec  pulse.  First,  the  EIO  signal  is  passed  directly  through  the  heterodyne 
system  and  displayed  on  an  oscilloscope  (see  Figure  35).  For  the  30  MHz  bandpass  filter, 
a  2  /isec  pulse  is  obtained.  However,  the  10  MHz  bandpass  filter  gives  a  considerably 
shorter  pulse,  indicating  that  the  chirp  is  greater  than  10  MHz.  The  video  detector  on 
the  output  of  the  heterodyne  is  then  removed  and  the  ICO  MHz  beat  frequency  between 
the  EIO  and  the  local  oscillator  is  observed  directly  using  a  fast  oscilloscope.  The  beat 
frequency  is  sampled  during  the  2  /isec  pulse  and  a  chirp  of  15  MHz  is  measured. 

The  prebunching  resonator  may  also  be  used  to  observe  the  frequency  chirp  of  the 
drive  source.  The  input  resonator  has  a  quality  factor  of  2000  and  a  corresponding 
FWHM  of  43  MHz.  The  EIO  produces  a  square  2  fisec  pulse  whose  amplitude  is 
modified  upon  transmission  through  the  preb  nching  resonator.  The  impedance  of  the 
resonator  may  be  expressed  [60] 


^in  _  _ 1 _  (72) 

R  ~  l+j2QAu;/uj 

so  that  the  normalized  signal  transmitted  through  the  prebuncher  is 

1 

'p  — _ j _  (73^ 

l+4QHAu;/u;f' 

Here,  Au;  is  the  difference  between  the  EIO  frequency  and  the  resonant  frequency  of  the 
input  resonator.  A  frequency  chirp  of  15  MHz  is  obtained  by  measuring  the  variation 
in  the  transmitted  signal  through  the  prebunching  resonator. 

The  phase  shifter  and  phase  detector  are  calibrated  in  situ  using  the  set-up  in  Figure 
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Figure  66:  Set-up  used  to  measure  the  EIO  phase  chirp  through  the  input  resonator. 

66.  The  EIO  signal  is  split  so  that  a  portion  is  transmitted  through  the  prebunching 
resonator  and  is  combined  on  the  phase  detector.  The  frequency  chirp  of  the  EIO  causes 
a  phase  chirp  to  appear  on  the  phase  detector  after  it  transits  the  input  resonator.  The 
phase  shift  of  the  rf  agnal  through  the  input  resonator  as  a  function  of  frequency  is 
written 


<t>  =  arctan  (-2QAu;/u;).  (74) 

Thus,  </)  =  0  at  the  resonant  frequency  and  varies  from  |  to  - 1  as  the  frequency  moves 
far  from  resonance.  The  FWHM  of  the  resonance  is  given  by  the  frequency  separation 
between  <f)  =  ±^.  Using  this  technique,  an  EIO  frequency  chirp  of  15  MHz  is  measured. 
Several  representative  oscilloscope  traces  of  the  phase  detector  are  given  in  Figure  67  as 
the  phase  shifter  is  varied.  The  variation  in  the  output  of  the  phase  detector  during  the 
EIO  pulse  is  due  to  the  frequency  chirp  of  the  drive  source  coupled  with  the  resonance 
characteristics  of  the  input  resonator. 

The  most  accurate  measurement  of  the  frequency  chirp  of  the  drive  source  is  ob¬ 
tained  by  observing  the  beat  frequency  between  the  EIO  and  the  gyrotron  on  the  85 
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Figure  67;  Phase  detector  signals  showing  the  phase  chirp  of  the  EIO.  The  relative 
phase  shift  is  0°.  90°,  180°.  270°.  and  360°  for  (a)-(e).  re.spectfully. 
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Figure  68:  Beat  frequency  between  the  EIO  and  free-running  gyrotron. 

GHz  balanced  mixer.  The  EIO  signal  is  switched  into  the  load  in  Figure  67  so  that  the 
gyrotron  and  EIO  frequencies  are  unrelated.  The  EIO  frequency  is  tuned  so  that  the 
frequency  separation  is  approximately  20  MHz  at  the  beginning  of  the  2  /isec  pulse. 
The  results  of  several  measurements  are  shown  in  Figure  68,  where  the  beat  frequency 
is  plotted  as  a  function  of  time  during  the  1.8  fisec  pulse.  The  three  sets  of  data  points 
correspond  to  different  EIO  pulses  measured  within  1  minute,  where  the  EIO  is  al¬ 
lowed  to  warm-up  for  several  minutes  so  that  the  frequency  is  fairly  stable.  However, 
the  EIO  frequency  continues  to  drift  over  a  smaller  range  over  long  periods  of  time, 
which  precludes  certain  measurements  of  a  statistical  nature.  During  the  first  0.2  /xsec 
of  the  pulse,  the  measured  frequency  chirp  is  approximately  5  MHz.  After  this  time, 
there  is  a  nearly  linear  droop  in  frequency  of  approximately  4  MHz//isec.  The  jitter 
in  frequency  is  given  by  the  vertical  separation  between  the  data  sets,  which  is  2  MHz 
for  this  data.  It  should  be  noted  that  the  chirp  is  not  perfectly  linear  in  time,  which 
becomes  more  apparent  during  amplifier  and  phase-locked  oscillator  operation. 

The  gyroklystron  is  operated  as  an  amplifier  by  lowering  the  mod  anode  voltage 
divider  so  that  the  output  resonator  is  below  threshold  for  oscillations.  The  output 
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Figure  69:  Input  and  output  signals  during  amplifier  operation. 

mirror  separation  is  adjusted  so  that  the  output  frequency  matches  the  input  resonator 
frequency.  An  oscilloscope  trace  of  the  output  and  input  signals  during  amplifier  op¬ 
eration  is  shown  in  Figure  69.  The  cathode  voltage  is  68.2  kV,  the  beam  current  is 
6.5  A,  and  the  voltage  divider  is  84.5%,  resulting  in  a  measured  pitch  angle  of  the 
electrons  of  1.0.  The  output  frequency  is  85.556  GHz  and  is  tuned  to  the  resonance  of 
the  input  resonator.  No  amplification  is  observed  when  the  resonators  are  not  matched 
in  frequency. 

The  input  pulse  from  the  EIO  is  2  /isec  in  duration,  but  the  amplifier  FWHM  is 
only  0.6  fisec.  This  shortened  pulse  is  due  to  the  frequency  chirp  of  the  drive  source 
coupled  with  the  narrow  resonance  of  the  high-Q  output  resonator.  The  measured 
amplifier  bandwidth  is  2.4  MHz,  which  is  in  excellent  agreement  with  the  calculated 
output  resonator  bandwidth  of  2.3  MHz  and  corresponding  Q  =  37000(see  Table  3). 
In  the  past  it  has  been  speculated  that  the  presence  of  the  electron  beam  modifies  the 
fields  in  the  output  resonator  and  causes  higher  diffraction  losses  and  a  lower  quality 
factor.  This  work  shows  that  the  quality  factor  of  the  output  resonator  is  not  affected 
by  the  presence  of  the  electron  beam  during  amplifier  operation. 


13.0000  us  IS.SOM  US  18.0000  us 


132 


Cathode  Voltage  (kV) 

Figure  70:  Measured  amplifier  gain  as  a  function  of  beam  voltage. 


Measured  amplifier  gain  as  a  function  of  electron  beam  voltage  is  shown  in  Figure 
70  for  a  beam  current  of  3.8  A.  The  voltage  divider  is  84.5%  for  this  data,  resulting  in 
measured  values  of  q  of  approximately  1.0.  The  gmn  increases  monotonically  from  6.5 
to  17  dB  as  the  voltage  is  increased  during  amplifier  operation.  The  bandwidth  of  the 
gain  is  constant  as  a  function  of  beam  current  and  voltage,  which  indicates  that  the 
quality  factor  of  the  output  resonator  does  not  depend  upon  the  beam  in  this  regime. 
The  strong  dependence  of  the  gain  on  the  cathode  voltage  is  most  likely  related  to 
two  factors.  First,  the  average  a  of  the  beam  rises  from  1.0  to  1.15  as  the  voltage  is 
increased.  Secondly,  increasing  the  voltage  increases  the  frequency  detuning  between 
the  rf  fields  and  the  relativistic  cyclotron  frequency  (Au;  =  uj  -  fl/7).  Both  of  these 
effects  increase  the  gain  of  the  amplifier  as  the  voltage  is  raised. 

The  linear  theory  of  the  quasioptical  gyroklystron  is  presented  in  Chapter  II,  which 
can  be  used  to  calculate  the  gain  of  the  device  in  the  linear  amplifier  regime.  Here, 
the  linear  efficiency  and  gain  maximize  when  the  detuning  between  the  relativistic 
cyclotron  frequency  and  the  radiation  frequency  is  zero  in  the  output  resonator  (^  = 
0).  However,  the  gyroklystron  experiment  is  designed  to  maximize  the  prebunching 
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signal  in  the  nonlineax  regime  for  ^  =  3.7%  in  the  output  resonator,  where  the 
nonlinear  interaction  efficiency  is  large.  For  a  magnetic  field  of  33.42  kG  in  the  output 
resonator,  the  85.56  GHz  mode  experiences  zero  frequency  detuning  at  a  beam  voltage 
of  48.3  kV.  This  voltage  is  far  less  than  the  typical  values  observed  in  the  experiment 
for  amplifier  operation.  Thus,  we  expect  that  the  amplifier  is  operating  in  the  nonlinear 
regime  so  that  the  previously  derived  theory  is  not  strictly  applicable. 

An  estimate  for  the  gain  of  the  device  may  be  obtained  by  evaluating  the  linear 
theory  expressions  when  the  detuning  is  zero  in  the  output  resonator.  With  a  pitch 
angle  of  o  =  1,  a  bunching  parameter  q  =  1,  and  an  annular  electron  beam  geometry, 
the  electric  field  in  the  output  resonator  is  calculated  to  be  Eq2  =  5-29  x  10®  V/m.  The 
corresponding  efficiency  of  the  gyroklystron  is  calculated  as  »/  =  29.6%  with  a  gain  of 
21  dB  for  a  beam  current  of  3.5  A  and  a  48.3  kV  beam  voltage.  The  linear  efficiency  is 
large,  which  indicates  that  the  device  will  saturate  at  lower  efficiency  so  that  it  is  most 
likely  outside  of  the  linear  regime  for  these  parameters.  However,  the  calculated  gain 
of  the  amplifier  is  quite  similar  to  the  values  measured  in  the  experiment  for  somewhat 
higher  beam  voltages. 

IVom  the  data  in  Figure  70,  the  maximum  gain  in  the  experiment  occurs  at  a 
beam  voltage  of  67.5  kV  for  the  operating  conditions  in  the  figure  with  a  tilted  output 
resonator.  This  beam  voltage  corresponds  to  a  frequency  detuning  ^  =  3.2%,  which 
includes  a  small  correction  for  space  charge  depression  as  the  electrons  traverse  the 
output  resonator.  To  compare  this  value  to  the  linear  theory,  we  must  consider  the 
Doppler  shift  in  the  resonance  condition  due  to  the  tilted  resonator  (u;  fl/7  ±  kgV^). 
Including  the  k-v^  term  for  the  forward-travelling  wave  results  in  a  detuning  ^  =  2.1% 
with  respect  to  an  untilted  quasioptical  resonator.  This  value  is  much  higher  than  the 
detuning  for  maximum  gain  for  the  linear  amplifier.  However,  this  is  quite  close  to 
the  detuning  for  maximum  gain  of  the  free-running  oscillator,  which  is  calculated  as 
1.4%  for  an  untilted  resonator[4].  Thus,  the  measured  amplifier  characteristics  place 
the  device  outside  the  linear  amplifier  regime  with  a  maximum  gain  which  is  consistent 
with  theoretical  estimates. 

An  oscilloscope  trace  of  the  onset  of  oscillations  is  given  in  Figure  71  when  the 
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Figure  71:  Amplifier  operation  at  the  onset  of  oscillations  in  the  output  resonator. 

cathode  voltage  is  raised  beyond  the  limit  for  stable  amplifier  operation.  The  top  trace 
is  the  output  detector  signal  v;hile  the  bottom  trace  is  the  balanced  mixer  output.  This 
trace  is  to  be  compared  with  Figure  69,  where  there  is  only  amplification  and  no  free 
oscillations.  There  are  several  osdllations  in  the  output  detector  trace  after  the  £10 
amplification  is  finished,  which  indicates  that  the  output  resonator  is  oscillating  freely. 
This  effect  is  similar  to  EIO  mode  priming,  where  the  external  drive  signal  initiates 
the  oscillations.  Note  that  there  are  now  oscillations  on  the  balanced  mixer  signal  that 
occur  after  the  amplifier  pulse.  This  indicates  that  the  output  from  the  gyrotron  is 
no  longer  phase  locked  to  the  EIO  input  signal.  During  this  portion  of  the  pulse,  the 
EIO  frequency  is  outside  of  the  phase-locking  bandwidth  so  that  phase  locking  is  not 
possible  and  the  beat  frequency  between  the  EIO  and  gyrotron  is  observed. 

One  of  the  most  important  reasons  to  perform  amplifier  studies  is  to  check  the 
operation  of  the  tube  using  the  phase-lock  diagnostics.  Since  an  amplifier  is  phase 
locked  by  definition,  there  should  be  a  zero  beat  frequency  between  the  EIO  and  the 
gyrotron.  The  phase  between  the  two  sources  should  be  fixed,  so  that  varying  the  phase 
shifter  in  Figure  37  results  in  a  variation  of  the  phase  detector  output.  Oscilloscope 
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traces  of  the  output  detector  and  balanced  mixer  pulses  are  shown  in  Figure  72  as 
the  phase  shifter  is  varied.  The  phase  shifter  is  varied  by  0°,  90°,  180“,  and  270“  in 
(a)-(d)  of  the  figure,  respectfully.  For  a  0“  phase  shift,  the  EIO  and  output  signals  add 
constructively  so  that  the  balanced  mixer  output  is  maximum.  For  a  phase  shift  of 
180“,  the  signals  add  destructively  so  that  a  minimum  is  obtained  on  the  mixer.  Note 
that  the  output  from  the  balanced  mixer  is  asymmetric  for  phase  shifts  of  90  and  270“. 
This  effect  is  due  to  differences  in  the  relative  phase  between  the  EIO  and  gyrotron 
inside  the  frequency  bandwidth  of  the  amplifier.  This  type  of  behavior  is  also  observed 
in  the  next  section  when  phase-locking  measurements  axe  performed. 
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Figure  72:  Balanced  mixer  signals  for  the  amplifier  as  the  phase  shifter  is  varied.  The 
phase  shifter  is  varied  by  0°,  90®,  180®,  and  270®  in  (a)-(d),  respectfully. 


G.  Phase  Locking 


The  term  phase  locking  refers  to  the  behavior  of  a  nonlinear  oscillator  subjected 
to  an  external  drive  signal.  If  the  drive  source  is  sufficiently  large  in  amplitude  and  close 
to  the  frequency  of  the  free-running  oscillator,  the  oscillator  is  pulled  to  the  frequency 
of  the  drive.  There  is  now  a  fixed  phase  relation  between  the  input  and  output  signals 
whicti  depends  upon  the  separation  between  the  drive  and  free-running  frequencies.  For 
phase  locking  via  direct  injection  into  the  output  resonator,  the  fractional  phase-locking 
bandwidth  can  be  written  [61] 

\fd  -  /o|  _  J_  [K 

where  Qe  is  the  external  Q  of  the  resonator  and  Pj  and  Pq  are  the  drive  and  out¬ 
put  powers,  respectfuUy.  As  the  drive  frequency  is  varied  across  the  phase-locking 
bandwidth,  the  relative  phase  varies  from  §  to  These  relations  have  been  verified 
experimentally  using  direct  injection  phase  locking  on  conventional  cavity  gyrotrons 
[22,23]. 

In  the  present  experiment,  phase  locking  is  accomplished  by  prebunching  the  elec¬ 
tron  beam  in  an  upstream  resonator  using  the  EIO.  Compared  to  direct  injection,  this 
technique  requires  less  power  to  phase  lock  the  oscillator  due  to  the  gain  between  res¬ 
onators.  The  gyrotron  is  allowed  to  reach  steady  state,  then  the  2  fxsec  EIO  pulse  is 
turned  on.  Ideally,  a  continuous-wave  source  is  preferred  for  the  drive  signal  which 
could  be  frequency  and  phase  locked  using  a  phase-locked  loop.  Experimentally,  the 
EIO  is  free  running  and  has  a  measured  pulse-to-pulse  jitter  of  3  MHz  and  a  frequency 
chirp  of  10  MHz  during  the  2  nsec  pulse.  This  is  to  be  compared  to  the  3  MHz  FWHM 
of  the  high-Q  output  resonator  in  the  gyroklystron.  Thus,  it  is  impossible  to  phase 
lock  over  the  duration  of  the  entire  EIO  pulse  because  of  the  chirp  in  the  drive  source 
and  the  narrow  spectral  width  of  the  output  resonator. 

An  example  of  phase-locked  oscillator  operation  is  given  by  the  osciUoscope  traces  in 
Figure  73.  The  gyrotron  is  running  in  the  85.55  GHz  mode  in  the  output  resonator  with 
a  cathode  voltage  of  67.9  kV,  a  beam  current  of  5  A,  and  a  measured  pitch  angle  of  1.8. 
In  trace  (a),  the  £10  signal  is  diverted  into  the  load  so  that  the  electron  beam  is  not 
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Figure  ^3:  Gyroklystron  operation  without  (a)  and  with  (b)  prebunching. 

prebunched.  The  frequency  of  the  drive  source  is  adjusted  so  that  the  beat  frequency 
between  the  two  oscillators  is  minimum.  Note  that  the  frequency  chirp  of  the  EIO  drive 
source  can  be  seen  by  comparing  the  beat  frequency  at  the  beginning,  middle,  and  end 
of  the  2  fjLsec  pulse.  The  output  detector  signal  is  constant  during  the  duration  of  the 
2  nsec  EIO  pulse.  On  a  shot-to-shot  basis,  the  relative  phase  between  the  two  free- 
running  oscillators  varies  randomly,  as  evidenced  by  the  balanced  mixer/phase  detector 
signals.  Figure  73  (b)  shows  the  effect  of  the  prebunched  beam  on  the  output  of  the 
gyroklystron.  The  beat  frequency  between  the  EIO  and  the  gyrotron  is  driven  to  zero 
for  approximately  0.9  /isec,  which  is  indicative  of  phase  locking.  A  large  modulation 
appears  on  the  output  detector  due  to  the  prebunched  electron  beam. 

As  the  frequency  of  the  EIO  is  electronically  tuned  away  from  the  gyrotron,  the 
two  sources  fall  out  of  phase  lock  and  pass  into  the  periodic  pulling  regime.  The  EIO 
frequency  is  too  far  away  to  lock  the  oscillation  in  the  output  resonator,  although  it  is 
close  enough  to  the  free-running  frequency  to  amplitude  modulate  the  output  at  the 
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beat  frequency.  This  case  is  shown  in  Figure  74,  where  the  gyroklystron  is  initially 
phase  locked  in  (a).  The  drive  frequency  is  tuned  so  that  the  beat  frequency  appears 
on  the  balanced  mixer  and  output  detector  traces.  This  modulation  also  appears  on 
both  the  input  detector  signal  and  the  collector  current  monitor,  and  amounts  to  +70/- 
25%  of  the  output  detector  signal  level  in  (c).  The  level  of  modulation  of  the  output 
power  decreases  as  the  gyrotron  operates  closer  to  saturation  at  higher  detuning  and 
higher  power.  The  prebunched  electron  beam  pulls  the  free-running  frequency  of  the 
output  oscillation  so  that  there  is  a  reproducible  beat  frequency  on  the  balanced  mixer, 
although  the  relative  phase  is  random. 

The  frequency  chirp  of  the  EIO  during  the  2  /zsec  pulse  is  much  greater  than  the 
output  resonator  bandwidth,  so  that  only  a  portion  of  the  pulse  is  phase  locked.  How¬ 
ever,  a  single  shot  from  the  experiment  allows  for  observation  of  the  entire  phase-locking 
bandwidth.  Figure  75  shows  output  detector  and  balanced  mixer  signals  as  the  phase 
shifter  in  Figure  37  is  varied.  In  case  (a),  the  signals  add  destructively  for  a  period 
of  approximately  0.9  fisec.  Immediately  before  and  after  the  flat  portion  of  the  mixer 
signal  are  excursions  which  indicate  the  edge  of  the  phase-locking  band.  The  phase 
shifter  is  advanced  by  90°  in  each  of  the  succeeding  traces,  which  results  in  a  repeat- 
able  variation  of  the  phase  detector  signal.  The  two  signals  add  constructively  in  (c) 
so  that  a  maximum  is  obtained  on  the  mixer.  At  the  center  of  the  locking  band  the 
relative  phase  between  the  two  sources  is  0°.  The  relative  phase  varies  from  -90°  to 
90°  as  the  EIO  frequency  chirps  through  the  locking  band,  which  results  in  the  sloping 
traces  observed  in  (b)  and  (d). 

The  present  experiment  is  designed  to  achieve  phase  locking  by  premodulation  of 
the  electron  beam,  so  that  the  EIO  is  not  subjected  to  the  large  fields  produced  by 
the  gyrotron.  Nevertheless,  it  is  important  to  demonstrate  that  the  EIO  is  locking  the 
gyrotron,  as  opposed  to  the  gyrotron  locking  the  EIO.  This  measurement  is  performed 
by  beating  the  rf  frequency  of  the  gyrotron  with  the  local  oscillator  of  the  heterodyne 
(Figure  35)  and  displaying  the  beat  frequency  (~  160  MHz)  directly  on  a  digital  os¬ 
cilloscope.  The  gyrotron  is  operating  at  a  cathode  voltage  of  66.1  kV,  a  beam  current 
of  5.25  A,  and  a  magnetic  field  of  33.42  kG.  The  output  frequency  is  85.559  GHz  and 
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Figure  75;  Balanced  mixer  traces  during  phase-locked  operation.  The  phase  shifter 
varied  by  0°,  90°,  180°,  and  270°  in  (a)-(d)>  respectfully. 


the  measured  value  of  a  is  1.6  The  cathode  voltage  and  frequency  detuning  aire  rela¬ 
tively  low  for  this  longitudinal  mode,  resulting  in  an  efficiency  of  11%.  In  the  absence 
of  prebunching,  the  beat  frequency  is  measured  as  162.2  MHz.  The  gyrotron  is  then 
phase  locked  by  the  EIO,  and  a  1.9  MHz  downward  frequency  chirp  of  the  gyrotron  is 
measured  during  the  0.6  /isec  locking  band.  This  chirp  is  consistent  with  the  frequency 
droop  of  the  EIO  and  demonstrates  that  the  EIO  is  indeed  locking  the  gyrotron. 

As  the  EIO  power  to  the  prebunching  resonator  is  decreased,  the  phase-locking 
bandwidth  decreases.  A  plot  of  the  measured  phase-locking  bandwidth  versus  input 
power  is  shown  in  Figure  76,  along  with  the  prediction  of  Adler’s  theory  (Eq.  75). 
Although  this  equation  is  not  applicable  in  the  case  of  prebunching,  Adler’s  relation  is 
a  benchmark  for  phase  locking  by  direct  injection.  The  experimental  parameters  are  a 
beam  voltage  of  71.7  kV,  a  beam  current  of  5  A,  and  a  magnetic  field  of  33.42  kG  at  the 
center  of  the  output  resonator.  The  voltage  divider  is  82.5%.  with  a  measured  value  of 
pitch  angle  of  1.8.  The  output  frequency  of  the  gyrotron  is  85.552  GHz  and  is  single 
moded  with  a  measured  efficiency  of  16%.  With  no  EIO  attenuation,  the  gyroklystron 
is  phase  locked  over  the  entire  bandwidth  of  the  output  resonator  at  25  dB  below  the 
output  power  level.  The  locking  bandwidth  decreases  to  ±0.7  MHz  when  the  drive 
signal  is  attenuated  by  4  dB.  These  results  are  20  dB  below  the  drive  power  required 
for  direct  injection,  and  demonstrate  the  benefit  of  phase  locking  by  prebunching  the 
electron  beam  due  to  intercavity  gain. 

The  experimental  results  may  be  compared  to  the  nonlinear  phase-locking  theory 
presented  in  [27],  where  the  slow  time  scale  equations  of  motion  are  solved  in  the 
output  cavity  for  a  beam  with  predetermined  entrance  phases.  Perturbation  theory  is 
used  to  model  the  ac  current  density,  so  that  one  can  write  the  maximum  phase-locking 
bandwidth  with  optimum  prebunching  as 
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Here,  /x,  F,  and  A  are  the  normalized  gyrotron  parameters  for  interaction  length,  field 
amplitude,  and  frequency  detuning,  respectfully.  From  the  above  expression,  large 
values  of  /xA  result  in  narrow  phase-locking  bandwidths  due  to  the  exponential  term. 
This  equation  is  the  prebunching  counterpart  to  Adler’s  relation  for  direct  injection 
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phase  locking.  Typical  experimental  parameters  axe  6  =  0.413,  F  =  0.074,  and  =  20. 
To  make  a  comparison  with  theory,  the  Doppler  term  is  subtracted  from  the 
detuning  parameter,  resulting  in  ^  =  0.327.  The  calculated  fractional  bandwidth  from 
Eq.  (76)  is  10%  of  the  linewidth  of  the  output  resonator,  whereas  the  experimental 
measurements  indicate  that  the  entire  linewidth  is  available  for  phase  locking.  In  [27], 
it  was  shown  that  the  perturbation  theory  estimate  of  the  phase-locking  bandwidth 
is  a  factor  of  1.8  too  low  for  q  =  0.16  and  large  values  of  detuning.  Thus,  we  expect 
that  the  analytical  estimate  of  the  locking  bandwidth  may  be  much  lower  than  the 
value  calculated  using  the  fully  nonlinear  klystron  approach  for  bunching  parameters 
g  ~  2.  A  complete  simulation  is  probably  required  to  determine  the  theoretical  phase¬ 
locking  characteristics  for  the  present  parameters.  This  experiment  may  represent  the 
first  demonstration  of  phase  locking  with  large  values  for  the  bunching  parameter  and 
frequency  detuning. 

It  has  been  shown  theoretically  and  experimentally  that  increasing  the  separation 
between  the  drive  and  free-running  frequencies  increases  the  time  required  to  achieve 
phase  locking.  For  short  pulses,  it  is  often  impossible  to  obtain  phase  locking  for  drive 
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Figure  77:  Phase  locking  at  the  beginning  of  the  EIO  drive  pulse. 

frequencies  near  the  locking  edge.  In  the  quasioptical  gyroklystron  experiment,  it  is 
observed  that  100%  of  the  pulses  are  phase  locked  when  \fj  -  Jo\  is  minimized  near 
the  beginning  of  the  EIO  pulse.  This  situation  is  shown  in  Figure  77,  where  the  EIO 
frequency  is  adjusted  so  that  the  gyrotron  is  locked  near  the  leading  edge  of  the  2  |isec 
drive  signal.  Using  this  technique,  the  time  required  for  the  EIO  to  pull  the  gyrotron 
into  phase  lock  is  minimized.  Only  a  portion  of  the  pulses  60%)  are  phase  locked 
when  the  EIO  is  allowed  to  chirp  through  the  entire  locking  band. 

Increasing  the  pitch  angle  of  the  beam  electrons  increases  the  bunching  parameter  q 
in  the  input  resonator  (see  Eq.  12).  Linear  theory  is  used  to  show  that  a  larger  bunching 
parameter  yields  higher  inter-resonator  gain  and  increased  phase-locking  bandwidth, 
and  these  trends  are  also  observed  in  the  experiment.  Operating  the  quasioptical 
gyroklystron  at  higher  a  results  in  higher  output  power  and  higher  efficiency,  but  also 
increases  the  experimental  phase-locking  bandwidth  and  pulse-to-pulse  reproducibility. 
For  low  values  of  a,  low  frequency  detuning,  and  low  efficiency,  it  is  observed  that  the 
phase-locking  behavior  is  not  100%  reproducible.  Possible  benefits  of  operating  at  low 
detuning  include  less  power  to  phase  lock  the  output  resonator  and  less  time  to  achieve 
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locking.  However,  both  of  these  potential  benefits  are  more  than  offset  by  the  reduced 
o  and  the  corresponding  reduction  in  the  bunching  parameter.  The  result  of  these 
studies,  though,  is  quite  desirable  in  that  the  operating  conditions  for  optimum  power 
and  efficiency  coincide  with  those  for  optimum  phase  locking. 

One  of  the  keys  to  designing  a  highly  overmoded  amplifier  or  phase-locked  oscillator 
is  providing  a  high  degree  of  isolation  between  the  input  and  output  cavities.  The  ge¬ 
ometry  of  the  quasioptical  gyroklystron  is  well-suited  for  gyroklystron  operation  since 
it  is  difficult  for  radiation  to  efficiently  couple  between  open  resonators  which  are  ori¬ 
ented  perpendicular  to  the  drift  tube.  Measurements  performed  during  the  hot  test  of 
the  gyroklystron  demonstrate  that  the  leakage  signal  is  (at  most)  35  dB  down  from  the 
output  power.  Optimum  coupling  between  the  two  resonators  occurs  when  the  output 
resonator  mirrors  are  adjusted  for  precisely  the  same  frequency  as  the  input  resonator. 
When  the  gyrotron  is  operated  near  maximum  detuning  for  the  85.5  GHz  mode,  it  is 
possible  to  excite  the  next  lower  longitudinal  mode  at  84.8  GHz  during  the  second  half 
of  the  pulse.  However,  only  the  85.5  GHz  leakage  is  observed  in  the  input  resona? 
due  to  the  mode  selectivity  of  the  prebuncher.  The  input  resonator  supports  a  mode 
separation  for  TEMqo  modes  of  2.1  GHz  and  a  quality  factor  Q  =  2000.  Adjusting  the 
output  frequency  outside  of  the  bandwidth  of  the  input  resonator  results  in  essentially 
no  leakage  power. 

Although  the  leakage  power  is  small  compared  to  the  drive  signal,  tests  were  per¬ 
formed  to  verify  that  the  operation  of  the  gyroklystron  is  unaffected  by  the  undesired 
feedback.  The  gyroklystron  is  operated  in  the  mode  priming  and  alpha  priming  regimes 
while  the  output  frequency  is  varied  by  ±  100  MHz  about  the  center  frequency  of  the 
prebunching  resonator.  As  expected,  the  leakage  from  the  output  to  the  input  falls  to 
zero  outside  the  bandwidth  of  the  prebunching  resonator.  The  power,  efficiency,  and 
maximum  frequency  detuning  of  the  output  radiation  are  not  affected  by  the  level  of 
leakage  in  the  present  experiment. 

A  phase-locked  oscillator  can  achieve  higher  interaction  efficiencies  than  a  free- 
running  oscillator  due  to  the  increased  phase  bunching  of  the  electrons[25,19].  In  the 
present  experiment,  measurements  are  made  to  compare  the  two  regimes  by  monitoring 
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the  output  pulse  using  a  calibrated  detector.  When  the  oscillator  is  operated  in  the 
alpha-primed  regime  at  relatively  low  detuning  and  efficiency,  the  prebunched  beam  can 
significantly  increase  the  efficiency  of  the  interaction  close  to  the  edges  of  the  locking 
band.  The  center  of  the  phase-locking  band  is  usually  at  the  same  power  as  the  free- 
running  oscillator.  When  the  frequency  detuning  of  the  operating  mode  is  increased  so 
that  the  efficiency  is  near  optimum  for  the  free  oscillations,  the  prebunched  beam  has 
little  effect  on  the  efficiency.  Thus,  it  appears  that  the  maximum  efficiency  for  both 
regimes  of  operation  is  ~20%  for  the  parameters  typically  used  in  this  experiment.  As 
the  cathode  voltage  and  frequency  detuning  are  increased  past  the  optimum  efficiency 
point  for  the  85.5  GHz  mode,  the  prebunched  beam  drives  the  output  oscillation  to 
zero.  Here  the  beam  is  overbunched  and  there  is  little  exchange  of  energy  between 
the  electrons  and  the  rf  field  in  the  output  resonator.  This  is  similar  to  increasing 
the  interaction  length  in  a  gyrotron  so  that  the  bunched  electrons  gain  energy  before 
exiting  the  cavity. 
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Chapter  VI 

Multimode  Simulations  and  Discussion 
A.  Generalized  Gyrotron  Theory 

In  both  conventional  and  quasioptical  gyrotron  theory,  a  great  deal  of  research  has 
been  performed  to  study  device  performance  using  normalized  gyrotron  parameters. 
The  normalized  variables  are  used  to  reduce  the  number  of  system  parameters,  which 
allows  for  the  study  of  interaction  efficiency  and  single- mode  stability  over  the  entire 
operating  space.  In  this  section  there  will  be  a  short  discussion  of  single-mode  stability 
of  quasioptical  gyrotrons  and  experimental  observations  in  the  present  experiment. 

Figure  78  shows  the  region  of  stable,  single-mode  operation  of  a  quasioptical  gy¬ 
rotron  with  a  pencil  electron  beam  placed  at  the  center  of  the  resonator,  plotted  in 
the  plane  of  e-^[l6].  The  normalized  field  amplitude  e  and  normalized  detuning  6  are 
related  to  the  more  familiar  parameters  F,  A,  and  through  the  relations 


€  =  Ffi  (77) 

6  -  i/iA.  (78) 

One  of  the  benefits  to  using  the  t-i  notation  is  that  these  variables  are  only  weakly 
dependent  on  the  pitch  angle  of  the  electrons.  The  stable  region  is  labelled  5  in  the 
Figure  (enclosed  by  the  thick  solid  curve)  and  is  superimposed  on  contours  of  constant 
perpendicular  efficiency.  The  electronic  efficiency  of  the  interaction  is  related  to  the 
perpendicular  efficiency  via 


1  = 


Vj.31 

2(1-7-')' 


(79) 


Curves  of  constant  current  are  also  included,  where  rp  is  the  ratio  of  beam  current  to 
starting  current  {ip  =  I  fist)-  The  parameter  To  is  a  measure  of  the  mode  density  in 
the  output  resonator  of  the  quasioptical  gyrotron  and  is  defined 


To  =  2dVzfivoc, 


(80) 


148 


where  d  is  the  mirror  separation  and  wq  is  the  radiation  waist. 

Figure  78  corresponds  to  a  pencil  electron  beam  placed  on  a  held  maxima  of  an 
even  longitudinal  mode  at  the  center  of  the  quasioptical  resonator  with  no  tilt.  The 
convention  is  that  an  ei;en  mode  has  a  field  maximum  at  the  center  of  the  resonator  but 
corresponds  to  an  odd  index  q  for  the  TEMoo?  modes.  The  maximum  perpendicular 
efficiency  is  60%,  and  is  obtained  for  a  field  amplitude  f  =  1.6  and  a  detuning  6  =  2.8. 
The  interaction  length  is  rather  short  for  this  case,  /i  =  10,  and  the  current  at  this 
point  is  9  times  the  start  current.  Increasing  To  from  10  to  50  (dashed  region)  results 
in  little  change  to  the  stable  region,  which  indicates  that  increased  mode  density  does 
not  necessarily  result  in  increased  mode  competition  effects.  For  the  pencil  beam  case, 
the  point  of  maximum  efficiency  lies  inside  the  region  of  stable,  single-mode  operation. 

A  much  different  result  is  obtained  for  an  annular  electron  beam,  as  seen  in  Figure 
79.  Both  the  maximum  efficiency  and  single-mode  stability  region  are  greatly  reduced. 
The  electron  beam  excites  both  even  and  odd  longitudinal  modes  in  the  output  res¬ 
onator  for  fcTj  =  4,  where  the  electron  beam  radius  is  denoted  as  rj,.  The  maximum 
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Figure  79;  Stability  region  for  an  annular  beam  with  /i  =  10.  Note  that  the  maximum 
efficiency  is  greatly  reduced  from  the  pencil  beam  case. 

transverse  efficiency  is  now  somewhat  greater  than  30%  for  a  current  3.5  times  the 
starting  current.  The  field  amplitude  is  c  =  1.0  at  a  detuning  6  =  1.82,  which  are 
both  greatly  reduced  from  the  pencil  beam  case.  The  efficiency  of  the  device  is  lowered 
since  electrons  interact  with  both  peaks  and  nulls  in  the  standing  wave  pattern  in  the 
output  resonator.  The  stable  region  is  reduced  dramatically  because  some  electrons 
in  the  annular  beam  now  interact  strongly  with  only  the  competing  odd  longitudinal 
modes. 

The  stability  region  for  a  quasioptical  gyrotron  with  an  annular  beam  is  greatly 
enhanced  when  the  resonator  axis  is  tilted  by  a  small  angle  0  with  respect  to  the  plane 
perpendicular  to  the  electron  beam,  as  seen  in  Figure  80.  The  normalized  tilt  angle, 
o'  =  Bkwo  =  1,  is  chosen  so  that  ail  electrons  interact  reasonably  strongly  with  both 
even  and  odd  longitudinal  modes  in  the  output  resonator.  The  maximum  perpendicular 
efficiency  is  now  greater  than  50%  and  is  located  inside  the  stable  region  with  a  detuning 
of  ^  =  3.3  and  a  field  amplitude  of  c  =  2.2.  The  detuning  for  maximum  efficiency  is 
larger  than  the  pencil  beam  case,  due  in  part  because  the  resonance  condition  Au;  = 
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Figure  80:  Stability  re^on  for  an  annular  beam  in  a  tilted  resonator. 

u  —  Sl/'f  -  kiVt  now  contains  a  finite  due  to  the  tilted  resonator.  Larger  electric 
fields  are  required  for  high  efficiency  since  the  electron  beam  is  interacting  only  with  one 
component  of  the  travelling  wave  in  the  output  resonator.  The  perpendicular  efficiency 
of  a  quasioptical  gyrotron  with  an  annular  beaim  in  a  tilted  resonator  is  nearly  the  same 
as  a  pencil  beam  in  an  untilted  resonator. 

Previous  work  has  shown  that  a  shorter  interaction  length  p  results  in  larger  re^ons 
of  stable,  single-mode  operation.  In  the  present  experiment,  the  interaction  length  is 
relatively  long  and  varies  from  14.8  to  20  as  the  beam  q  is  increased  from  1.5  to  1.9. 
The  stability  of  quasioptical  gyrotrons  has  not  been  studied  computationally  for  such 
large  values  of  although  insight  can  be  gained  from  following  trends  observed  in 
the  previous  three  figures.  From  the  literature[16],  consider  the  case  of  /i  =  17  with  a 
pencil  electron  beam  and  an  untilted  resonator,  as  shown  in  Figure  81.  The  maximum 
perpendicular  efficiency  of  60%  is  obtained  for  a  field  amplitude  c  =  2.2  and  a  frequency 
detuning  6  =  4.1,  which  are  significantly  higher  than  the  ft  =  10  results.  The  beam 
current  for  peak  efficiency  is  21  times  the  start  current.  The  stable  region  is  limited  to 
€  =  1.3  and  6  =  3.1,  where  the  best  efficiency  is  now  50%.  The  stability  boundary  is 
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Figure  81:  Stability  region  for  a  pencil  beam  with  fi  =  17. 

given  by  the  solid  and  broken  curves  in  the  plot.  The  solid  boundary  indicates  a  phase 
instability,  which  manifests  itself  through  mode  hopping  between  the  desired  mode 
and  a  competing  mode.  The  dashed  curve  denotes  the  overbunch  instability,  where 
multimode  behavior  is  expected  beyond  the  stable  region.  By  using  a  scaling  factor 
from  the  /x  =  10  plots,  the  maximum  efficiency  point  for  n  =  17  with  an  annular  beam 
in  a  tilted  resonator  will  occur  for  parameters  near  (  =  3.0  and  6  =  4.8.  However,  this 
maximum  efficiency  point  will  not  be  stable  with  respect  to  sideband  mode  competition. 
Using  a  similar  scaling  factor,  we  anticipate  that  the  maximum  transverse  efficiency 
which  lies  within  the  stability  boundary  will  occur  for  e  =  2.0  and  6  =  4.0  for  a  tilted 
resonator  and  an  annular  beam  with  an  interaction  length  n  =  17. 

For  the  gyroklystron  experiment,  typical  operating  parameters  are  listed  in  Table  9 
for  operation  near  the  maximum  efficiency  point  for  alpha  priming.  The  peak  efficiency 
is  measured  as  19.6%,  which  is  revised  upwards  due  to  ohmic  losses  in  the  resonator 
mirrors  and  denoted  as  the  electronic  effidency.  A  measured  pitch  angle  of  the  electrons 
of  1.9  results  in  a  relatively  long  interaction  length,  which  tends  to  produce  multimode 
behavior  in  the  calculations.  Comparing  these  experimental  parameters  to  the  scaled 
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Beam  Voltage 

74.8  kV 

Beam  Current 

5  A 

Measured  Efficiency 

19.6% 

Electronic  Efficiency 

>21.6% 

Transverse  Efficiency 

>29.5% 

Magnetic  Field 

33.42  kG 

Frequency 

85.43  GHz 

Pitch  Angle  a 

1.9 

Normalized  Interaction  Length  fi 

20.2 

Normalized  Detuning  6 

4.55 

Normalized  Field  c 

1.49 

Table  9;  Experimental  parameters  for  peak  efficiency  using  alpha  priming. 

results  mentioned  previously  leads  to  several  conclusions.  First,  the  maximum  detuning 
obtained  is  rather  large  for  single-mode  operation.  If  the  transverse  efficiency  is  limited 
for  some  reason,  it  is  not  likely  that  the  frequency  detuning  is  the  cause.  Secondly,  the 
normalized  field  amplitude  in  the  experiment  is  moderate  compared  to  values  needed 
for  maximum  efficiency.  The  field  strength  can  be  increased  by  increasing  the  beam 
current  or  reducing  the  output  coupling  of  the  quasioptical  resonator.  In  the  present 
experiment,  the  beam  current  is  limited  by  the  start  osciUation  current  of  the  pre¬ 
bunching  resonator,  so  that  this  parameter  is  approximately  fixed.  Lastly,  increasing 
the  detuning  past  the  maximum  value  for  a  particular  mode  in  the  experiment  results 
in  mode  switching  with  a  lower  frequency  mode.  This  behavior  is  indicative  of  the 
phase  instability,  which  is  denoted  as  a  solid  boundary  on  the  stability  plots.  Thus,  it 
appears  that  the  operating  point  in  the  experiment  is  located  at  the  top  of  the  stability 
boundary  in  the  f  -  ^  plot,  which  is  to  be  expected. 
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B.  Alpha  Priming  Simulations 


The  stability  plots  presented  in  the  previous  section  are  derived  under  the  condition 
that  the  gyrotron  parameters  are  fixed  in  time,  but  say  nothing  about  the  accessibil¬ 
ity  of  the  states.  A  time-dependent,  multimode  simulation  code  has  been  developed 
which  is  used  to  model  the  present  experiment [16].  The  model  includes  the  tilt  of  the 
resonator,  the  finite  rise  time  of  the  beam  voltage  and  electron  perpendicular  velocity, 
space  charge  depression  of  the  electrons  traversing  the  open  resonator,  the  realistic 
magnetic  field  profile,  voltage  ripple  during  the  12  fisec  pulse,  the  electron  beam  ra¬ 
dius,  and  displacement  of  the  beam  within  the  resonator.  At  present,  the  code  does 
not  include  the  effects  of  pitch  angle  spread,  guiding  center  spread,  energy  spread,  or 
second  harmonic  radiation  in  the  output  resonator.  The  beam  parameters  rise  linearly 
in  time,  which  is  a  good  approximation  to  the  measured  waveform.  The  space  charge 
depression  of  the  electrons  as  they  pass  through  the  resonator  is  given  by  the  prescrip¬ 
tion  in  [62].  The  space  charge  depression  considers  factors  such  as  the  gap  distance, 
the  electron  beam  radius,  the  beam  current,  the  beam  voltage,  and  the  pitch  angle  of 
the  electrons. 

Table  10  contains  the  typical  parameters  for  the  multimode  simulation  runs.  The 
ripple  on  the  flat-top  voltage  is  produced  by  the  pulse  forming  network  in  the  modula¬ 
tor,  which  generates  6  periods  during  the  12  /xsec  pulse.  Both  ■)  and  are  initialized 
at  time  f  =  0  to  25%  of  their  flat-top  values.  The  electron  beam  radius  rj  =  5.436 
mm  is  calculated  by  the  electron  trajectory  code,  and  will  vary  somewhat  when  the 
magnetic  field  is  tapered. 

A  typical  multimode  simulation  run  is  shown  in  Figure  82  for  a  beam  voltage  of  74.8 
kV  and  a  current  of  4.15  A.  The  pitch  angle  is  a  =  1.9,  the  electron  beam  radius  is  5.0 
mm,  the  beam  displacement  is  0.0  mm,  eind  the  frequency  detuning  of  the  n  =  0  mode 
is  6  =  3.3.  This  simulation  is  performed  with  no  alpha  priming  so  that  7  amd  /3j.  rise  at 
the  same  rate  and  peak  at  the  same  point  in  time.  The  longitudinal  modes  in  the  output 
resonator  are  denoted  by  the  relative  mode  number  n,  referenced  to  the  n  =  0  mode 
at  the  center  of  the  spectrum,  where  a  larger  index  corresponds  to  a  higher  frequency 
mode.  In  the  simulation,  the  n  =  -1  mode  rises  quickly,  but  is  unable  to  suppress  the 
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Beam  Voltage 

60-75  kV 

Beam  Current 

5  A 

Magnetic  Field 

33.42  kG 

Voltage  Ripple 

1.5% 

Voltage  Ripple  Period 

2  fisec 

Voltage  Rise  Time  (t/j,  25-100%) 

3.75  /isec 

Rise  Time  Corner 

0.015-0.040 

Pitch  Angle  a 

1.3-1.9 

Electron  Beam  Radius 

5.0-5.436  mm 

Electron  Beam  Displacement 

0.0-0.4  mm 

Resonator  Drift  Gap 

5.0  cm 

Resonator  Tilt  Angle 

y 

Frequency 

85.4-85.6  GHz 

Mirror  Separation  d 

21.2  cm 

Mirror  Radius  of  Curvature  Rc 

38.7  cm 

Resonator  Output  Coupling 

2.1% 

Table  10;  Parameters  for  multimode  simulations. 


155 


n  =  0  mode  at  higher  frequency.  The  state  at  the  end  of  the  simulation  appears  to  be  a 
multimode  equilibria  where  the  two  modes  exist  simultaneously.  This  is  in  contrast  to 
the  experimental  observations,  where  it  is  nearly  impossible  to  excite  two  longitudinal 
modes  at  the  same  instant  in  time.  Also  note  that  the  simulation  predicts  that  the 
mode  amplitudes  vary  over  a  time  scale  of  several  microseconds.  Mode  competition 
and  suppression  occur  in  the  experiment  on  much  shorter  time  scales  (typically  <  0.5 
psec). 

A  number  of  simulation  runs  are  performed  for  the  above  parameters  where  only 
the  detuning  parameter  b  is  varied.  This  is  accomplished  experimentally  by  fixing  the 
beam  voltage,  current,  and  pitch  angle  and  allowing  the  magnetic  field  to  va'^y.  Results 
of  the  simulations  are  shown  in  Figure  83,  where  transverse  efficiency  is  plotted  versus 
the  detuning  parameter  for  the  n  =  0  mode.  These  code  runs  are  performed  for  the 
situation  with  no  priming,  so  that  7  and  rise  at  the  same  rate  during  the  rise  of 
the  voltage  pulse.  For  b  =  2.0,  the  n  =  1  longitudinal  mode  is  excited  and  the  output 
spectrum  is  single  moded.  As  the  frequency  detuning  is  increased,  this  mod-*  increases 
in  amplitude  up  to  a  maximum  transverse  efficiency  of  37%  at  a  detuning  of  2.9.  This 
corresponds  to  a  true  detuning  b\  —  3.8  for  the  n  =  1  mode,  since  it  is  1  longitudinal 
mode  above  the  n  =  0  reference  mode.  The  longitudinal  mode  spacing  in  the  output 
resonator  is  approximately  0.83%  for  frequencies  near  85  GHz  with  a  mirror  separation 
of  21.2  cm.  For  detunings  above  3.0,  the  n  =  0,  -1  modes  overtake  the  higher  frequency 
mode  and  result  in  a  multimode  equilibrium. 

A  trend  in  the  simulations  is  that  multimode  states  tend  to  form  for  values  of 
detuning  which  are  readily  obtained  in  the  experiment.  One  possible  explanation  for 
this  behavior  is  that  the  simulation  is  not  properly  averj^ng  over  all  of  the  longitudinal 
modes.  The  resonator  is  periodic  in  the  round-trip  bounce  time  r  =  2d/c,  where  d  is 
the  mirror  separation  and  c  is  the  speed  of  light.  Particles  are  injected  during  the 
period  [0,r]  with  phases  uniformly  distributed  over  [0,27r]  and  different  guiding  center 
positions  to  model  the  annular  beam.  The  averaging  parameters  typically  used  in  the 
simulations  are  15  entrance  times,  21  particle  phases,  and  10  guiding  center  positions. 
These  values  have  been  increased  in  the  simulations  to  allow  for  better  averaging,  but 
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Figure  82:  Evolution  of  modes  for  V'  =  74.8  kV  and  6  =  3.3.  The  current  is  4.15  A 
and  the  pitch  angle  is  1.9 


157 


Normalized  Detuning  5 

Figure  83:  Efficiency  versus  detuning  ^  for  F  =  74.8  kV. 

no  change  in  the  mode  spectrum  is  observed. 

Another  possible  explanation  for  the  multimode  nature  of  the  simulations  is  that 
a  combination  of  the  electron  beam  radius  and  the  beam  displacement  results  in  poor 
mode  suppression  of  opposite  parity  modes.  If  the  tilt  angle  of  the  resonator  is  not  large 
enough,  the  gyrotron  will  behave  as  an  untilted  resonator  where  the  mode  suppression 
is  poor  and  the  stability  region  is  quite  limited.  Moving  the  beam  by  A/2  should 
result  in  no  change  to  the  output  since  this  is  the  spacial  periodicity  of  the  resonator. 
However,  beam  movement  by  A/8  is  sufficient  to  vary  the  coupling  between  the  electron 
beam  and  the  even  and  odd  longitudinal  modes.  The  simulations  presented  in  Figure 
83  are  repeated  for  a  beam  displacement  of  0.4  mm  and  are  shown  in  Figure  84.  The 
n  =  1  mode  is  initially  excited  for  6  =  2.0  with  transverse  efficiency  t)x  =  30%,  which 
corresponds  to  a  detuning  =  2.9.  Further  increases  in  the  detuning  parameter  cause 
mode  competition  to  commence  with  the  low-frequency  n  =  0  mode.  This  mode  then 
dominates  the  spectrum  for  higher  detunings,  which  results  in  single-mode  operation 
up  to  ^  =  3.3  and  maximum  efficiency  rj±  =  32%.  Beyond  this  detuning,  the  n  =  0 
mode  encounters  competition  from  the  lower-frequency  n  =  -1  mode  and  the  efficiency 
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Normalized  Detuning  5 

Figure  84:  Same  as  Figure  83  for  0.4  mm  beam  displacement. 


decreases.  The  0  mm- displacement  simulation  results  in  somewhat  higher  detuning  and 
efficiency,  but  the  occurrence  of  multimode  states  persists  for  both  cases.. 

Experimental  data  is  typically  collected  by  fixing  the  magnetic  field  and  varying 
the  cathode  voltage  to  optimize  millimeter-wave  power  and  efficiency.  This  sequence  is 
duplicated  in  the  computational  model,  with  results  from  measurements  and  simula¬ 
tions  given  in  Figure  85.  The  magnetic  field  is  33.42  kG,  the  beam  current  is  5.3  A,  the 
electron  beam  radius  is  5.4  mm,  and  the  beam  displacement  is  0.4  mm.  The  values  for 
Q  are  measured  in  the  experiment,  and  rise  linearly  from  1.56  at  65  kV  beam  voltage 
to  1.9  at  71  kV,  with  the  pitch  angle  saturating  at  higher  voltages.  The  experimental 
efficiencies  are  corrected  for  ohmic  losses  in  the  output  resonator.  Alpha  priming  is 
simulated  by  fixing  the  rise  time  of  at  3.75  //sec  and  increasing  the  voltage  rise  time 
to  4.15  //sec,  which  causes  q  to  rise  more  quickly  than  7. 

Experimental  efficiencies  rise  monotonically  from  10%  to  22%  using  alpha  priming, 
with  the  gyrotron  operating  in  a  single  mode  over  this  entire  range  of  voltages.  Typical 
efficiencies  for  the  gyrotron  with  no  priming  are  limited  to  approximately  13%  maxi¬ 
mum,  and  mode  switching  occurs  above  67  kV  from  the  85.5  GHz  into  alow  frequency. 
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Figure  85:  Alpha  priming  and  no  priming  simulations  and  measurements.  The  maxi¬ 
mum  pitch  angle  is  1.9  for  both  sets  of  data. 


low  efficiency  mode.  The  simulations  predict  both  single- mode  and  multimode  states 
as  the  cathode  voltage  is  increased  for  these  parameters.  Most  of  the  simulation  runs 
show  no  difference  between  alpha  priming  and  no  priming,  with  the  exception  being 
the  65  kV  data  point.  Here  the  no- priming  case  yields  21.5%  efficiency  in  the  n  =  0 
mode,  while  alpha  priming  excites  n  =  1  longitudinal  mode  with  29%  output  efficiency. 
The  simulation  predicts  efficiencies  between  20  and  30%  for  all  of  the  beam  voltages 
considered  here,  whereas  the  experiment  produces  efficiencies  as  low  as  5-10%. 

More  insight  into  the  gyrotron  interaction  is  gained  by  considering  the  interacting 
modes  in  the  alpha  priming  simulations  and  measurements.  Efficiency  as  a  function  of 
normalized  detuning  S  is  given  in  Figure  86  for  the  data  in  the  previous  figure.  The 
measured  points  correspond  to  the  85.5  GHz  mode  operating  over  the  detuning  range 
2.6-4.45.  The  output  is  single-moded,  and  attempts  to  further  increase  the  frequency 
detuning  result  in  mode  switching  during  the  second  half  of  the  pulse  with  a  low 
frequency,  low  efficiency  mode.  In  the  simulations,  the  65  kV  data  point  translates 
to  a  n  =  0  mode  detuning  of  2.6,  which  is  a  true  detuning  for  this  mode  of  3.75.  If 
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Figure  86:  Alpha  priming  measurements  and  simulations  versus  S. 


this  mode’s  detuning  is  increased  past  this  point,  the  frequency  switches  to  the  next 
lower  longitudinal  mode  with  reduced  effidency.  This  n  =  0  mode  is  supported  up  to 
detunings  of  3.6,  after  which  the  simulations  are  multimoded  with  the  n  =  -2, -1,0, 
and  1  modes  oscillating  simultaneously.  The  experiment  operates  in  a  single  mode  over 
a  wide  range  of  detunings,  which  are  typically  much  larger  than  the  best  detunings  in 
the  simulations  (4.45  versus  3.8). 

The  normalized  interaction  length  varies  from  15  to  20  as  the  cathode  voltage 
is  increased  from  65  to  73  kV,  due  mostly  to  the  increase  in  beam  a,  which  tends  to 
inhibit  single-mode  operation  in  the  simulations.  The  values  for  pitch  angle  in  the 
simulation  are  obtained  through  experimental  measurements,  so  it  is  unlikely  that  the 
interaction  length  is  less  than  /x  =  20  at  73  kV  beam  voltage.  For  the  purpose  of  the 
present  discussion,  consider  reducing  the  peak  q  of  the  simulations  from  1.9  to  1.6.  The 
results  from  these  simulations  are  presented  in  Figure  87  for  the  cases  of  no  priming 
and  alpha  priming,  along  with  the  measured  data  for  alpha  priming.  The  simulation 
parameters  are  identical  to  those  in  the  previous  q  =  1.9  case  except  for  the  electron 
pitch  angle. 
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Figure  87:  Alpha  priming  measurements  and  simulations  versus  voltage  for  a  =  1.6. 

Up  to  a  ’oeam  voltage  of  66.5  kV,  the  output  spectrum  of  the  simulation  is  now 
single-moded  for  both  alpha  priming  and  no  priming,  resulting  in  24%  efficiency.  Fur¬ 
ther  increases  in  voltage  and  detuning  produce  mode  switching  in  the  oscillator  to  the 
n  =  —  1  longitudinal  mode  for  the  case  with  no  priming,  which  reduces  the  efficiency. 
The  technique  of  alpha  priming  causes  the  n  =  0  mode  to  be  excited  first  and  suppress 
the  low  frequency  mode,  which  is  the  type  of  behavior  observed  in  the  experiment.  This 
mode  is  stable  up  to  71.9  kV  beam  voltage,  which  results  in  30.5%  output  efficiency 
and  a  corresponding  45%  perpendicular  efficiency.  This  efficiency  is  significantly  larger 
than  the  maximum  efficiency  obtained  for  the  free-running  oscillator  with  no  priming. 
Pushing  the  cathode  voltage  past  71.9  kV  causes  a  multimode  state  to  form  in  the 
simulations,  where  the  n  =  -2,-1  modes  oscillate  at  relatively  low  efficiency. 

The  simulations  clearly  show  the  benefit  of  alpha  priming:  modifying  the  start-up 
conditions  of  the  gyrotron  so  that  the  desired  mode  grows  to  saturation  and  suppresses 
competing  modes.  A  plot  of  efficiency  as  a  function  of  normalized  detuning  6  for  the  n  = 
0  mode  is  plotted  in  Figure  88  for  the  measured  efficiencies  with  q  =  1.9  and  the  alpha 
priming  simulations  using  q  =  1.6.  The  simulation  shows  that  the  n  =  0  mode  is  now 
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excited  over  the  detuning  range  2.6-3.9,  which  is  a  much  larger  variation  than  previously 
obtained.  The  maximum  efficiency  of  the  alpha  priming  simulation  is  obtained  for  a 
detuning  of  i  =  3.9,  which  is  still  somewhat  less  than  the  measured  detuning  for 
optimum  efficiency.  Detunings  larger  than  3.9  result  in  multimode  behavior  in  the 
simulations  with  the  n  =  -2,-1  longitudinal  modes  overtaking  the  desired  mode. 
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C.  Mode  Priming  Simulations 


In  the  previous  section,  simulations  and  experimental  data  demonstrated  that  the 
technique  of  alpha  priming,  where  o;  rises  more  rapidly  than  the  voltage,  allows  for 
gyrotron  operation  at  higher  detuning  and  higher  efficiency  than  operation  with  no 
priming.  In  this  section,  simulations  are  performed  to  model  mode  priming  by  pre¬ 
bunching  the  electron  beam  in  an  upstream  resonator.  The  slow  phase  of  the  particles 
(d)  at  the  entrance  of  the  output  resonator  is  no  longer  uniformly  distributed  over 
[0,2ff].  The  slow  phase  now  takes  the  form 

d  =  do  +  qcos6o,  (81) 

where  q  is  the  bunching  parameter  defined  in  Eq.  (12)  and  Bo  is  evenly  distributed 
over  [0,2?r].  To  model  prebunching  the  beam  using  the  EIO  in  the  present  experiment 
the  electron  beam  is  prebunched  with  a  fixed  q  for  a  duration  of  2  /zsec  immediately 
preceding  the  leading  edge  of  the  voltage  flat  top.  Thus,  the  beam  is  prebunched  during 
the  rise  of  the  pulse  so  that  only  the  start-up  conditions  are  modified. 

The  difference  between  free-running  and  mode-primed  oscillator  performance  can 
be  seen  by  comparing  the  multimode  simulations  in  Figures  89  and  90.  The  simulation 
parameters  are  the  same  as  those  given  in  the  preceding  section:  70.4  kV  beam  voltage, 
5.3  A  beam  current,  q  =  1.6,  electron  beam  radius  5.4  mm,  and  beam  displacement 
0.4  mm.  The  gyrotron  with  no  priming  is  shown  in  Figure  89,  where  the  n  =  -1 
longitudinal  mode  is  excited  with  32%  transverse  efficiency  and  21.6%  output  efficiency. 
The  2  /isec  mode  priming  simulation  is  shown  in  Figure  90  for  a  prebunching  parameter 
q  =  2.  Now  the  n  =  0  mode  is  excited  at  time  /  =  1.75  fisec  and  then  suppresses  all 
competing  modes.  The  transverse  and  output  efficiencies  are  increased  for  the  mode 
priming  case  to  42.5  and  28.7%,  respectfully,  with  a  detuning  d  =  3.77.  Note  that  the 
competing  mode  amplitudes  are  agnificantly  reduced  from  the  simulation  result  with 
no  priming.  All  mode  amplitudes  are  constant  with  respect  to  time  so  that  we  do  not 
anticipate  any  mode  switching  for  longer  pulse  lengths  in  the  simulations. 

A  series  of  simulations  is  performed  to  study  mode  priming  by  beam  prebunching 
for  the  parameters  listed  above  while  the  beam  voltage  is  varied,  with  the  results  shown 
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Figure  89:  Simulation  with  no  priming  for  V"  =  70.4  kV  and  a  = 


165 


Normalized 


Ll. 


Time  (jisec) 


Figure  90:  Mode  priming  simulation  for  V’  =  70.4  kV  and  o  =  1.6. 
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Figure  91:  Simulations  and  measured  efficiency  versus  voltage  for  mode  priming.  The 
simulations  use  a  reduced  pitch  angle  compared  to  the  measurements. 


in  Figure  91  with  some  measured  data.  Applying  electron  beam  prebunching  of  g  =  2 
for  2  nsec  starting  at  time  <  =  1.75  /xsec  in  the  mode  priming  simulations  excites  the 
n  =  0  mode  up  to  73.5  kV  and  31.7%  efficiency.  This  efficiency  is  significantly  higher 
than  the  best  efficiency  without  priming.  Also  plotted  in  the  figure  are  measured  results 
for  a  beam  current  of  6.5  A,  a  voltage  divider  setting  of  82.5%,  measured  o  =  1.9  at  the 
higher  voltages,  and  a  frequency  of  85.539  GHz.  At  a  beam  voltage  of  69  kV,  the  free- 
running  oscillator  switches  to  the  84.810  GHz  mode  at  low  efficiency.  Application  of  the 
EIO  signal  in  the  prebunching  resonator  allows  for  operation  up  to  18%  efficiency  for 
this  case.  The  experimental  efficiencies  in  this  plot  have  been  increased  to  account  for 
ohmic  losses  in  the  output  resonator.  For  cathode  voltages  above  73  kV,  the  efficiency 
begins  to  drop  due  to  mode  competition  during  the  pulse  from  low-frequency  modes. 
Here  we  observe  good  qualitative  and  quantitative  agreement  between  theory  and  ex¬ 
periment  for  both  the  mode  switching  points  and  the  maximum  detuning.  However, 
the  simulations  are  using  the  reduced  value  of  pitch  angle  a  =  1.6  while  the  measured 
pitch  ratio  is  1.9. 


167 


40 
35 
30 
25 
20 
15 
10 
5 
0 

2.0  2.5  3.0  3.5  4.0  4.5 

Normalized  Detuning  5 


■ 

f  1 

■ 

• 

! 

A 

Multimode 

4 

4 

□ 

nsO 

* 

■ 

Measured  nsO 

□  : 
. £j; . J 

► 

> 

□  \ 

□  : 

A  : 

; 

d 

4 

4 

1  n . i 

4 

□  i 

1  ■  ■  : 

■ 

m 

4 

. i .  ■  i 

> 

4 

• 

. 1  =  5  3  A  -- 

B  =  33.42  kG  ; 

_ i _ L 

_ L_ 

_ i _ ; 

Figure  92:  Efficiency  versus  6  for  gyroklystron  mode  priming. 


Efficiency  versus  normalized  detuning  is  plotted  in  Figure  92  for  mode-primed  ojv 
eration  of  the  gyroklystron  uang  the  data  from  the  previous  figure.  The  open  points 
are  simulation  results  with  a  maximum  pitch  angle  of  1.6,  while  the  solid  points  are 
measured  data  for  q  =  1.9.  The  n  =:  0  mode  is  primed  in  the  simulation  over  a  range 
of  detuning  from  6  =  2.4  to  4.2.  The  efficiency  of  this  mode  rises  from  16%  to  32% 
with  the  gyroklystron  operating  in  a  single  mode.  For  detunings  below  b  =  2.4,  the 
simulation  predicts  mode  competition  from  a  high  frequency  mode,  and  low  frequency 
modes  limit  the  maximum  detuning  to  4.2.  The  maximum  efficiency  observed  in  the 
experiment  for  this  6.5  A  data  is  18%,  which  is  considerably  lower  than  the  simulations. 


In  the  simulations,  the  bunching  parameter  q  is  modelled  as  a  constant  in  time 
for  the  2  /zsec  electron  beam  prebunching.  However,  the  bunching  parameter  in  the 
experiment  is  a  function  of  time  since  both  the  beam  a  and  the  voltage  are  rising 
during  this  period  for  mode  priming.  A  bunching  parameter  of  9  =  2  is  rather  large  for 
gyroklystrons,  so  a  set  of  simulations  are  performed  for  decreased  prebunching.  The 
results  are  shown  in  Figure  93,  which  plots  the  theoretical  output  efficiency  as  a  function 
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Figure  93:  Efficiency  versus  cathode  voltage  for  different  bunching  parameters. 


of  cathode  voltage  for  two  values  of  q.  The  beam  current  is  5.3  A,  the  maximum  pitch 
angle  is  1.6,  the  electron  beam  radius  is  5.4  mm,  and  the  beam  displacement  in  the 
resonator  is  0.4  mm.  The  larger  bunching  parameter  results  in  a  peak  efficiency  of  32% 
at  a  beam  voltage  of  73.5  kV.  For  q  =  0.5,  the  n  =  0  mode  is  only  supported  up  to 
68.5  kV  beam  voltage  with  a  peak  efficiency  of  27%  and  a  fisquency  detuning  6  =  3.3. 
The  decreased  bunching  parameter  is  not  able  to  prime  the  desired  mode  strongly 
enough  to  suppress  the  competing  longitudinal  modes  at  higher  detunings.  However, 
the  bunching  is  strong  enough  to  change  the  nonlinear  mode  competition  during  the  rise 
of  the  voltage  so  that  a  different  multimode  equilibrium  is  obtained  in  the  simulations. 
These  results  demonstrate  that  the  maximum  efficiency  and  detuning  obtained  using 
mode  priming  may  be  limited  by  the  strength  of  the  bunching  parameter. 

The  simulation  data  point  at  a  beam  voltage  of  75  kV  in  Figure  91  is  an  interesting 
example  of  the  limit  to  mode  priming  by  prebunching  the  electron  beam.  The  2  /isec 
prebunching  signal  excites  the  n  =  0  longitudinal  mode  initially.  After  approximately 
11  /isec,  the  n  =  -2  mode  overtakes  the  desired  mode  and  suppresses  it.  A  plot  of 
perpendicular  efficiency  as  a  function  of  time  is  given  in  Figure  94,  which  shows  the 
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Figure  94:  Efficiency  versus  time  for  gyroklystron  mode  priming  at  75  kV. 

efficiency  dropping  from  47%  to  30%  due  to  mode  switching.  This  type  of  behavior  is 
exactly  what  is  observed  in  the  experiment;  mode  competition  from  a  low  frequency 
mode  during  the  second  ha^f  of  the  pulse.  It  is  also  interesting  to  note  the  irregular 
signature  on  the  flat  top  of  the  efficiency  plot  for  the  high  frequency  mode.  The  irregular 
ripples  begin  at  a  beam  voltage  of  68.5  kV,  and  correspond  to  operation  in  the  hard 
excitation  regime  of  the  gyroklystron.  Here,  the  current  of  the  device  is  less  than  the 
starting  current  for  the  n  =  0  mode  and  mode  priming  is  required  to  allow  access  into 
this  region  of  parameter  space.  The  signature  on  the  efficiency  plot  is  often  observed 
in  measured  data  on  oscilloscope  traces  at  large  voltages  and  high  detuning  values. 

The  simulation  results  presented  up  to  this  point  are  for  currents  on  the  order  of 
5  A.  It  is  instructive  to  examine  the  behavior  of  the  gyroklystron  at  currents  closer  to 
the  threshold  for  oscillation.  Figure  95  plots  measured  and  simulation  efficiencies  as  a 
function  of  cathode  voltage  for  a  beam  current  of  2.5  A.  Measured  data  is  taken  from 
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Figure  95:  Efficiency  versus  beam  voltage  for  gyroklystron  mode  priming  at  2.5  A. 


Figure  49  and  scaled  by  x  1.102  to  account  for  ohmic  losses  in  the  resonator  mirrors. 
The  experimental  value  of  the  magnetic  field  is  33.42  kG  with  no  taper,  the  voltage 
divider  setting  is  80.5%,  the  measured  irequency  is  85.55  GHz,  and  the  measured  o 
increases  linearly  with  cathode  voltage  to  1.9  at  69  kV.  The  simulations  are  performed 
for  the  same  parameters  as  the  preceding  cases,  where  the  pitch  angle  rises  linearly  to 
1.6  at  70.4  kV.  Good  agreement  between  the  simulation  and  experiment  is  obtained 
for  both  the  output  efficiency  and  the  maximum  voltage  for  the  n  =  0  mode.  Bceim 
voltages  greater  than  66.5  kV  result  in  mode  switching  to  the  low  frequency  n  =  —  1 
mode  in  the  simulation.  The  simulation  data  point  with  no  priming  at  a  cathode  voltage 
of  65  kV  is  of  interest  due  to  the  low  efficiency  of  7%.  Here  the  output  resonator  is 
operating  at  a  beam  current  of  only  twice  the  starting  current  (V’  =  2).  For  a  beam 
voltage  of  66.5  kV  and  2.5  A  beam  current,  the  n  =  0  longitudinal  mode  is  just  entering 
the  hard  excitation  regime.  The  peaks  of  the  voltage  ripples  result  in  ^  <  1,  although 
the  gyroklystron  is  not  able  to  go  to  higher  voltages  due  to  the  low  current. 

In  the  output  resonator  of  the  gyroklystron,  the  absence  of  conducting  boundaries 
causes  space  charge  depression  of  the  electron  beam.  The  detuning  between  the  gy- 
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rotron  frequency  and  the  relativistic  cyclotron  frequency  decreases  with  space  charge 
depression,  which  is  due  to  the  reduced  7.  We  can  remove  the  space  charge  depres¬ 
sion  factor  from  the  simulation  and  determine  if  this  limits  the  maximum  detuning 
for  stable,  single  mode  operation.  A  good  point  for  comparison  is  the  mode  priming 
simulation  for  a  cathode  voltage  of  73.5  kV,  5.3  A  beam  current,  o  =  1.6,  and  a  pre¬ 
bunched  beam  with  ^  =  2  for  2  /isec.  This  point  represents  the  largest  cathode  voltage 
(detuning)  for  stable  operation  in  the  desired  n  =  0  mode.  With  the  space  charge 
factor,  the  n  =  0  mode  is  excited  with  a  perpendicular  efficiency  of  47%.  Removing 
the  space  charge  factor  increases  the  detuning  for  this  mode,  so  that  it  is  no  longer 
able  to  suppress  the  n  =  -2  mode  at  lower  efficiency.  Thus,  space  charge  depression  of 
the  beam  as  it  traverses  the  open  resonator  is  an  important  factor  in  determining  the 
maximum  detuning  and  operating  mode  of  the  gyroklystron  in  the  simulations. 

A  number  of  simulation  runs  are  performed  to  test  the  sensitivity  of  mode  selection 
with  the  exact  time  the  beam  is  prebunched  during  the  rise  of  the  voltage  pulse.  Up 
to  this  point,  all  of  the  simulations  have  used  a  2  /isec  prebunching  duration  located 
immediately  before  the  flat-top  of  the  pulse.  The  experimental  conditions  are  listed 
on  page  99:  69.5  kV  cathode  voltage,  5.15  A  current,  33.42  kG  magnetic  field,  and  a 
measured  pitch  angle  of  1.8.  The  simulation  parameters  are  the  nearly  the  same  with 
Q  =  1.6,  a  beam  displacement  of  0.4  mm,  and  a  bunching  parameter  of  1.5.  The  general 
mode  priming  trends  observed  in  the  experiment  are  also  seen  in  the  simulations.  If  the 
prebunching  occurs  too  early  (<  =  1  /zsec)  or  too  late  (t  =  3.75  fisec),  the  priming  fails 
and  the  n  =  -1  mode  is  preferentially  excited.  When  the  duration  of  the  prebunching 
is  shortened  in  the  simulation,  the  desired  mode  is  still  excited,  which  agrees  with  the 
experimental  observations.  Bunching  durations  of  20  nsec  continue  to  provide  mode 
selection  in  the  simulations.  A  difference  between  the  experiment  and  simulations  is 
that  mode  priming  only  works  over  a  narrow  range  of  times  when  the  duration  of  the 
EIO  is  ~  100  nsec  in  the  experiment.  Mode  priming  the  gyroklystron  to  run  in  the 
n  =  0  mode  in  the  simulation  continues  to  work  for  100  nsec  bunching  times  even  when 
the  pulse  is  translated  in  time  by  ±0.5  /rsec. 

A  better  understanding  of  the  time  dependence  of  mode  priming  is  obtained  by 
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considering  the  variation  of  0  =  I Iht  during  the  voltage  pulse,  as  seen  in  Figure  96. 
During  the  flat-top  of  the  pulse,  the  n  =  — 2  mode  has  the  lowest  starting  current  and 
the  highest  value  of  t/;.  However,  this  mode  is  undesirable  because  it  has  a  relatively 
low  efliciency.  A  sequence  of  8  different  longitudinal  modes  is  excited  during  the  rise 
of  the  voltage  pulse.  However,  the  voltage  is  changing  so  rapidly  that  only  the  n  =  -1 
mode  can  grow  to  saturation  in  the  absence  of  priming.  The  n  =  0  mode,  which  peaks  2 
modes  before  the  flat  top,  can  be  primed  by  placing  a  short- duration  prebunching  pulse 
near  the  time  t  =  3.25  fisec.  The  n  =  0  mode  is  in  the  hard  excitation  regime  where 
ill  <  1,  so  that  this  mode  would  not  be  excited  under  normal  operating  conditions. 
In  the  present  set  of  simulations,  the  bunching  parameter  q  =  1.5,  which  is  a  fairly 
large  value  during  the  rise  of  the  voltage.  This  large  bunching  parameter  may  explain 
why  the  simulation  is  not  very  sensitive  to  the  exact  position  of  the  prebunching.  In 
the  experiment,  the  voltage  and  pitch  angle  are  changing,  which  cause  q  vary  in  time. 
A  third  possibility  for  the  difference  is  that  the  exact  rise  of  the  beam  parameters 
may  be  somewhat  different  from  the  simulations,  which  would  change  the  window  of 
opportunity  for  mode  priming. 
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Time  (^isec) 

Figure  96:  V’  as  a  function  of  time  for  V  =  69.5  kV. 
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D.  Discussion 


A  number  of  general  similarities  are  observed  between  the  time- dependent  simula¬ 
tions  and  the  experimental  measurements.  For  a  pitch  angle  of  o  =  1.6,  the  simulation 
is  usually  single-moded  with  a  corresponding  =  15.5.  The  operating  mode  in  the 
gyrotron  increases  in  amplitude  with  increasing  frequency  detuning  ^  up  to  some  max¬ 
imum  value.  Higher  detunings  and  efficiencies  are  obtained  by  using  the  techniques 
of  mode  priming  and  alpha  priming.  Modifying  the  start-up  conditions  allows  access 
to  the  hard  excitation  region  of  the  gyroklystron  parameter  space,  which  tends  to  be 
inaccessible  during  normal  operation  with  no  priming.  Both  the  simulations  and  mea¬ 
surements  show  an  irregular  ripple  signature  on  the  output  power  traces  in  this  regime. 

There  are  also  several  important  differences  between  the  theoretical  model  and  the 
experiment.  Peak  theoretical  efficiencies  of  31.7%  are  obtained,  whereas  the  maximum 
measured  electronic  efficiency  is  22%.  In  the  experiment,  the  measured  pitch  angle  of 
1.9  results  in  single- mode  operation  over  a  wide  range  of  detunings.  However,  the  sim¬ 
ulation  is  usually  multimoded  for  such  large  values  of  o  and  corresponding  interaction 
length  /i.  For  the  free-running  oscillator  with  no  priming,  mode  hopping  occurs  when 
the  detuning  is  too  large  for  a  particular  mode  in  the  experiment.  Mode  competition 
is  still  observed  at  this  point  in  the  simulations  for  relatively  low  values  of  a.  Lastly, 
mode  suppression  in  the  experiment  occurs  on  a  relatively  short  time  scale  of  <  0.5 
psec,  whereas  the  simulation  can  vary  over  several  microseconds.  The  cavity  decay 
time  of  the  quasioptical  resonator  is 


2C? 


(82) 


which  results  in  =  135  nsec  in  the  present  experiment  for  the  fundamental  cyclotron 
frequency.  Second  harmonic  radiation  will  be  characterized  by  a  somewhat  faster  time 
constant  due  to  the  increased  frequency.  Presence  of  the  second  harmonic  may  con¬ 
tribute  to  the  mode  stability  and  fast  mode  suppression  observed  in  this  work. 

Perhaps  the  most  striking  feature  of  the  present  experiment  is  that  the  output  is 
single  moded  even  though  the  interaction  length  is  relatively  long.  This  is  in  contrast 
to  all  other  QOG  experiments  with  large  mirror  separation,  which  were  multimoded 
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at  the  highest  power  and  efficiency.  The  main  reason  would  appear  to  be  the  use  of 
the  tilted  resonator,  which  increases  the  region  of  single-mode  operation  as  well  as  the 
efficiency  for  an  annular  electron  beam.  This  fact  is  supported  by  the  large  frequency 
detunings  obtained  in  the  present  work,  which  are  significantly  higher  than  previous 
experiments.  However,  there  was  another  experiment  at  NRL  which  used  a  tilted 
resonator  where  the  parameter  space  for  single-mode  operation  was  nearly  unchanged 
compared  to  that  for  an  untilted  resonator[17].  There  are  several  differences  between 
the  two  experiments  which  may  explain  this  discrepancy.  First,  the  mirrors  in  the 
original  experiment  may  have  been  misaligned  due  to  the  contact  between  the  mirror 
holders  and  the  crossbore  of  the  magnet.  Some  multimode  behavior  is  observed  in  the 
present  experiment  when  the  output  resonator  mirrors  are  miSiiligned  by  as  little  as  a 
fraction  of  1°.  Secondly,  frequency  diagnostics  were  unavailable  for  much  of  the  initial 
experiment.  Rather  subtle  variations  in  the  operating  parameters  of  the  gyrotron  can 
cause  relatively  large  changes  in  the  output,  and  the  frequency  diagnostic  is  perhaps 
the  most  sensitive  indication  of  these  changes.  A  much  lower  voltage  divider  setting 
was  typically  used  in  the  previous  experiment.  This  can  result  in  somewhat  higher  a, 
but  also  increases  velocity  spread  of  the  beam  and  the  incidence  of  reflecting  electrons. 
The  noise  associated  with  this  reflexing  disrupts  the  operation  of  the  tube,  and  has 
been  shown  to  increase  the  likelihood  of  multimode  states  in  the  current  work.  The 
present  experiment  is  operated  at  more  moderate  voltage  divider  settings,  which  results 
in  very  stable  operation. 

A  fourth  difference  between  the  two  experiments  is  the  operating  frequency:  110 
versus  85  GHz.  One  may  argue  that  the  higher  frequency  in  the  first  experiment 
could  result  in  multimode  operation  due  to  the  increased  mode  density  for  a  given 
mirror  separation.  This  hypothesis  is  tested  in  the  present  experiment  by  increasing  the 
magnetic  field  to  43  kG  with  no  prebunching  of  the  electron  beam.  Output  frequencies 
of  111  GHz  are  measured,  which  are  equally  spaced  with  A/  =  c/2d.  However,  the 
general  behavior  of  the  gyrotron  is  unchanged  from  the  characteristic  operation  at  85 
GHz.  A  single  longitudinal  mode  is  excited  and  increases  in  amplitude  and  efficiency 
as  the  cathode  voltage  is  increased.  When  this  mode  is  pushed  past  its  maximum 
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detuning,  the  gyrotron  switches  to  a  low  frequency  mode  at  lower  efficiency.  Thus,  it  is 
unlikely  that  the  higher  frequency  of  the  previous  experiment  increases  the  probability 
of  multimode  operation. 

Another  point  of  discussion  is  the  comparison  between  measured  efficiencies  and 
those  calculated  by  the  time- dependent  simulations.  For  a  current  of  2.5  A,  which  is 
relatively  close  to  the  threshold  current  of  the  output  resonator,  both  efficiencies  are 
on  the  order  of  16%.  Increasing  the  beam  current  to  5  A  results  in  peak  measured 
electronic  efficiencies  of  22%,  which  are  approximately  5  lower  than  the  theoretical 
predictions  using  a  slightly  reduced  pitch  angle.  The  peak  electric  field  in  the  output 
resonator  is  somewhat  less  than  optimum  in  this  experiment,  so  that  higher  efficiencies 
should  be  possible  with  higher  currents  in  the  absence  of  the  prebunching  resonator. 
However,  it  is  unknown  whether  this  will  decrease  the  difference  between  theory  and 
experimental  efficiencies. 

One  possible  explanation  for  reduced  experimental  efficiency  is  the  presence  of  sec¬ 
ond  harmonic  radiation  in  the  output  resonator,  which  falls  into  the  general  category 
of  energy  spread  on  the  electron  beam.  In  the  present  experiment,  output  radiation  at 
a  frequency  of  approximately  170  GHz  is  occasionally  observed  using  the  heterodyne 
frequency  diagnostic.  Previous  quasioptical  gyrotron  studies  at  Lausanne  have  shown 
that  20%  of  the  output  power  is  emitted  at  the  second  harmonic  for  their  configura¬ 
tion,  although  the  levels  of  second  harmonic  observed  in  the  gvToklystron  experiment 
are  always  relatively  small.  However,  the  quality  factor  Q  for  the  second  harmonic 
c«in  be  much  higher  than  the  fundamental,  since  the  radiation  spot  size  at  the  mir¬ 
ror  decreases  with  frequency.  For  example,  the  TEMoo  mode  at  170  GHz  experiences 
round-trip  diffraction  losses  which  are  much  less  than  1%,  so  that  this  mode  would  be 
difficult  to  observe  in  the  experiment.  This  introduces  the  possibility  that  higher-order 
transverse  modes  can  oscillate  at  the  second  harmonic.  These  modes  have  relatively 
long  interaction  lengths  and  round-trip  losses  on  the  order  of  1%.  Such  modes  can 
have  nulls  in  their  field  patterns  at  the  center  of  the  resonator,  with  stronger  fields 
near  the  edge  of  the  mirrors.  This  type  of  spacial  competition  would  be  similar  to 
sideband  mode  competition  recently  observed  in  cavity  gyrotrons[8].  When  different 
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cavity  inodes  satisfy  the  resonance  condition  u  ±  k.‘>\  -  ii/*)  =  0,  mode  competition 
may  occur.  In  particular,  mode  competition  can  be  severe  if  the  electric  field  maxima 
for  the  two  modes  occur  at  different  axial  positions.  Most  research  on  this  subject  has 
concluded  that  the  fundamental  is  dominant  and  suppresses  the  second  harmonic  so 
that  it  has  little  effect  on  the  operation  of  the  gj'rotron. 

Another  possibility  is  that  the  small  mirror  misalignment  (0.2®)  of  the  output  res¬ 
onator  mirrors  in  the  present  experiment  contributes  to  the  reduced  efficiency.  One  of 
the  mirror  holders  is  tilted,  but  the  electric  field  of  the  resonant  mode  remains  parallel 
to  the  mirror  surface.  Measurements  indicate  that  this  type  of  misalignment  has  rela¬ 
tively  little  effect  on  the  gyrotron  efficiency  and  the  stability  of  single-mode  operation. 
However,  it  is  straightforward  to  test  this  experimentally  by  reducing  the  diameter  of 
the  mirror  holders  so  they  no  longer  contact  the  crossbore  when  the  magnet  is  cooled. 
Lastly,  the  simulation  code  does  not  account  for  velocity  spread  of  the  electrons,  energy 
spread,  or  second  harmonic  radiation  in  the  output  resonator.  Inclusion  of  these  ef¬ 
fects,  although  costly  in  terms  of  CPU  time,  may  provide  additional  insight  to  nonideal 
features  encountered  in  the  experiment. 
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Chapter  VII 
Conclusion 


A  new  type  of  millimeter- wave  tube,  a  quasioptical  gyroklystron,  has  been  designed 
and  tested  over  a  wide  range  of  operating  pai\.meters.  The  device  is  unique  in  that 
the  drift  region  between  the  input  and  output  resonators  is  long  (L  =  30A)  compared 
to  conventional  tubes.  This  long  drift  region  is  made  possible  by  a  judicious  choice 
of  magnetic  fields  in  the  two  resonators,  which  minimizes  the  effect  of  velocity  spread 
of  the  beam.  The  benefit  of  this  approach  is  that  the  bunching  parameter  can  be 
quite  large  (9  >  2),  which  is  attractive  for  mode  priming,  phase  locking,  and  amplifier 
operation. 

The  experiment  has  examined  a  number  of  new  operating  regimes  for  high  power, 
high  frequency  oscillators.  Mode  priming  by  prebunching  the  electron  beam  has  been 
demonstrated,  resulting  in  measured  efficiencies  of  17%.  Here  the  gyroklystron  oper¬ 
ates  in  a  more  highly  detuned  longitudinal  mode  due  to  the  prebunched  current  at 
85.55  GHz,  which  allows  for  higher  efficiencies  than  the  free-running  oscillator.  A  new 
technique  has  been  reported,  alpha  priming,  where  the  pitch  angle  a  peaks  just  before 
the  fiat-top  of  the  voltage  pulse.  This  excites  a  mode  which  is  highly  detuned  by  the 
time  the  voltage  fiat-top  is  reached,  which  results  in  even  higher  efficiencies.  A  peak 
measured  efficiency  of  19.6%  is  obtained  for  5  A  current  and  74.8  kV  beam  voltage, 
which  corresponds  to  73  kW  output  power.  The  maximum  power  measured  from  the 
gyroklystron  is  150  kW,  where  both  the  peak  efficiency  and  power  are  limited  in  the 
present  experiment  due  to  oscillations  in  the  prebunching  resonator. 

The  gyroklystron  has  been  phase  locked  to  the  EIO  drive  source  over  the  entire 
linewidth  of  the  output  resonator  by  prebunching  the  beam.  Typical  operating  param¬ 
eters  are  60  kW  output  power,  16%  measured  efficiency,  and  a  normalized  frequency 
detuning  6  =  0.41.  The  input  power  required  to  lock  the  gyroklystron  is  approximately 
22  dB  below  that  required  for  direct  injection,  which  demonstrates  the  benefit  of  phase 
locking  by  prebunching  the  beam.  The  best  phase  locking  is  obtained  for  large  pitch 
angles,  which  is  also  where  the  efficiency  of  the  gyrotron  is  optimized.  The  gyroklystron 
has  also  been  operated  as  an  amplifier  by  lowering  the  averse  pitch  angle  of  the  elec- 
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Irons  so  that  the  output  resonator  is  below  threshold  for  oscillations.  Typical  operating 
characteristics  of  the  amplifier  are  18  dB  gain,  10%  efficiency,  30  kW  output  power, 
and  a  bandwidth  equal  to  the  linewidth  of  the  output  resonator.  These  results  are  par¬ 
ticularly  impressive  since  no  attempt  was  made  to  reduce  velocity  spread  in  the  present 
experiment,  which  is  estimated  as  ±10-20%  from  electron  trajectory  simulations. 

Measurements  indicate  that  the  output  of  the  gyroklystron  is  single-moded  even 
though  the  longitudinal  mode  density  is  high  (A///  =  0.8%).  Tilting  the  output 
resonator  by  2°  relative  to  the  plane  perpendicular  to  the  direction  of  electron  beam 
propagation  is  shown  to  increase  both  the  efficiency  and  region  of  stable,  single  mode 
operation  in  the  experiment.  This  is  the  first  QOG  experiment  with  large  mirror 
separation  which  has  operated  in  a  single  mode  at  high  power  and  high  efficiency. 
Longitudinal  mode  selection  is  accomplished  by  prebunching  the  electron  beam  and  by 
varying  the  electron  beam  parameters  during  the  rise  of  the  voltage  pulse. 

Depressed  collector  studies  have  been  performed,  which  increase  the  overall  effi¬ 
ciency  of  the  gyroklystron  to  greater  than  30%  with  measured  collector  efficiencies  of 
50%.  This  is  easily  accomplished  in  the  present  experiment  due  to  the  natural  separa¬ 
tion  of  the  output  radiation  and  the  electron  beam  in  the  QOG  geometry.  No  attempt 
was  made  to  optimize  the  design  of  the  collector  in  this  work,  so  that  higher  collector 
and  overall  efficiencies  should  be  possible  with  little  difficulty. 

A  pair  of  capacitive  probes  in  the  drift  tube  were  used  to  measure  the  average  pitch 
angle  of  the  beam  electrons.  The  measured  values  are  in  relatively  good  qualitative  and 
quantitative  agreement  with  electron  trajectory  simulations,  although  the  experimental 
pitch  angles  are  somewhat  greater  than  the  simulations.  The  measured  values  for  a 
saturate  at  large  values  of  electric  field  at  the  cathode,  which  is  in  agreement  with  the 
fact  that  the  millimeter- wave  power  saturates  over  these  settings  of  mod  anode  voltage. 
The  probes  are  quite  valuable  for  other  general  purposes,  such  as  detecting  oscillations 
in  the  prebuncher  and  observing  the  onset  of  reflecting  electrons,  improvements  to  the 
simulation  code,  such  as  a  finer  mesh  and  the  axial  self-magnetic  fields  of  the  beam, 
may  have  an  effect  on  the  computational  values  of  a. 

A  number  of  simulations  have  been  performed  to  model  the  experiment  using  a 
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multimode,  time  dependent  computer  code.  The  effects  of  alpha  priming  and  mode 
priming  by  prebunching  the  electron  beam  are  clearly  seen  in  the  simulations.  These 
techniques  are  shown  to  allow  access  to  the  hard  excitation  regime  of  the  gyroklystron, 
where  higher  detunings  and  higher  interaction  efficiencies  are  obtained.  Nearly  all  of  the 
qualitative  features  of  the  experiment  are  observed  in  the  simulations,  as  well  as  good 
agreement  for  the  maximum  detuning  and  mode  switching  points  for  a  particular  mode. 
For  a  pitch  angle  a  =  1.9  and  interaction  length  p  =  20,  multimode  states  tend  to  form 
in  the  simulations,  whereas  the  experiment  is  nearly  always  single-moded.  The  peak 
measured  efficiencies  are  approximately  ^  lower  than  the  best  theoretical  predictions. 
Comparisons  with  theory  are  rather  easily  accomplished  in  the  present  experiment  due 
to  the  single-mode  output,  beam  a  measurements,  and  frequency  measurements  over 
the  entire  operating  parameter  space  of  the  gyroklystron. 

An  interesting  follow-on  experiment  would  be  to  simply  reconfigure  the  gyroklystron 
as  an  oscillator  at  85  GHz.  By  removing  the  prebunching  resonator,  higher  currents  and 
efficiencies  could  be  obtained  to  determine  the  peak  experimental  values  and  optimize 
the  electric  field  in  the  output  resonator  using  the  technique  of  alpha  priming.  A 
study  to  determine  whether  the  gyrotron  continues  to  operate  in  a  single  mode  at 
the  1  MW  power  level  could  be  performed,  since  the  electron  gun  is  capable  of  50 
A  at  a  voltage  of  90  kV.  Reducing  the  diameter  of  the  mirror  holders  would  allow 
for  radiation  measurements  with  optimized  mirror  alignment,  which  may  increase  the 
interaction  efficiency  of  the  gyrotron. 

Replacing  one  of  the  output  mirrors  with  a  Littrow-mount  diffraction  grating  would 
also  provide  insight  into  the  physics  of  the  gyrotron  interaction.  A  grating  can  be 
designed  to  maximize  the  Q  of  the  fundamental  cyclotron  harmonic  while  attempting 
to  spoil  the  interaction  for  the  second  harmonic.  This  method  of  output  coupling 
would  provide  an  opportunity  to  directly  examine  the  transverse  mode  structure  of 
all  frequencies  in  the  output  resonator,  so  that  second  harmonic  modes  are  no  longer 
trapped.  This  may  increase  the  output  efficiency  of  the  gyrotron  if  second  harmonic 
radiation  is  lowering  the  interaction  efficiency  of  the  fundamental. 

Present  experiments  on  gyrotrons  have  concentrated  at  frequencies  near  100  GHz 
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for  the  heating  of  fusion  plasmas.  If  high  power  millimeter-wave  sources  with  frequen¬ 
cies  of  200-600  GHz  are  required,  gyrotrons  operating  with  higher  magnetic  fields  and 
harmonics  of  the  cyclotron  frequency  will  be  needed.  One  such  application  is  an  elec¬ 
tromagnetic  wiggler  for  a  free  electron  laser,  where  the  reduced  wiggler  period  greatly 
reduces  the  required  accelerating  voltage  for  a  given  output  wavelength.  For  example, 
a  3  MeV  electron  beam  could  generate  6  /im  radiation  with  a  QOG  wiggler  operat¬ 
ing  at  the  second  harmonic  at  240  GHz[63].  Here,  the  Littrow-mount  grating  would 
preferentially  reflect  the  second  harmonic  so  that  the  resonator  round-trip  losses  are 
kept  to  a  reasonable  level.  The  QOG  is  well-suited  to  the  wiggler  application  since  the 
figure-of-merit  is  not  the  output  power  but  the  circulating  power,  which  can  be  quite 
high  in  a  quasioptical  resonator.  A  phase  locked  quasioptical  gyroklystron  at  high 
frequency  could  also  prove  valuable  in  high  resolution  radar  and  atmospheric  sensing 
applications[64j. 
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